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Smart Manufacturing (SM) paradigm adoption can scale production with demand without 
compromising on the time for order fulfillment. A smart manufacturing system (SMS) is vertically 
and horizontally connected, and thus it can minimize the chances of miscommunication. 
Employees in an SME are aware of the operational requirements and their responsibilities. The 
machine schedules are prepared based on the tasks a machine must perform. Predictive 
maintenance reduces the downtime of machines. Design software optimizes the product design. 
Production feasibility is checked with the help of simulation. The concepts of product life cycle 
management are considered for waste reduction. Employee safety, and ergonomics, identifying 
new business opportunities and markets, focus on employee education and skill enhancement are 
some of the other advantages of SM paradigm adoption.  
This dissertation develops an SM paradigm adoption framework for manufacturing SMEs by 
employing the instrumental research approach. The first step in the framework identified the 
technical aspects of SM, and this step was followed by identifying the research gaps in the 
suggested methods (in literature) and managerial aspects for adopting SM paradigm. The technical 
and the managerial aspects were integrated into a toolkit for manufacturing SMEs. This toolkit 
contains seven modular toolboxes that can be installed in five levels, depending on an SME’s 
readiness towards SM. The framework proposed in this dissertation focuses on how an SME’s 
readiness can be assessed and based on its present readiness what tools and practices the SMEs 
need to have to realize their tailored vision of SM. The framework was validated with the help of 
two SMEs cases that have recently adopted SM practices. 
This dissertation follows the structure of a compilation thesis (dissertation by publications) and 
includes seven original and refereed publications (three in peer-reviewed journals and four 
published in peer-reviewed international conferences) with the doctorate student as the first author. 
Six of these seven publications (two published in journals and four published in conferences) have 
already been published, whereas, the final publication (journal publication) of this dissertation was 
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Table B: Contribution of Publications to Dissertation. 
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Contribution In this publication, the doctorate student contributed by reviewing the literature and 
finding the appropriate characteristics and technologies associated with SM. Finally, the 
doctorate student clustered synonymous characteristics and technologies. 
  
Publication II Smart Manufacturing: Characteristics, Technologies and Enabling Factors 
Contribution In this publication, the doctorate student contributed by expanding the literature (from 
Publication I) and identifying the appropriate characteristics, technologies, and enabling 
factors associated with SM. In addition, the doctorate student also clustered the 
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Industry 4.0 is synonymous with SM. 
  
Publication III A Critical Review of Smart Manufacturing & Industry 4.0 Maturity Models: 
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Contribution In this publication, the doctorate student first identified the specific requirements of 
manufacturing SMEs with the help of a literature review and then developed a 
methodology to find the methods that can assist in an organization’s journey towards 
SM paradigm adoption. In addition, the doctorate student critically discussed how well 
the requirements of manufacturing SMEs are satisfied by the available methods to adopt 
SM paradigm. Finally, the doctorate student identified the research gaps that obstruct 
the existing methods in guiding an SME’s journey towards SM paradigm adoption. 
  
Publication IV Towards a Smart Manufacturing Toolkit for Small and Medium Enterprises 
Contribution In this publication, the doctorate student visited manufacturing SMEs and studied 
literature to define an SM Toolkit for SMEs. In addition, the doctoral student also 
discussed the application of two toolboxes (present in the toolkit) with the help of the 
industrial cases. 
  
Publication V Towards a Smart Manufacturing Maturity Model for Small and Medium Enterprises 
Contribution In this publication, the doctorate student designed a three-dimensional maturity model 
for the manufacturing SMEs. Toolkit (from Publication IV), levels and the 
organizational dimensions were the three dimensions of this maturity model. In addition, 
the doctorate student also defined the exemplary activities that are performed by the 
cloud/storage toolbox under an organizational dimension and a level. 
  
Publication VI Building Blocks for Adopting Smart Manufacturing 
Contribution In this publication, the doctorate student contributed by developing a systematic 
mapping review (of literature) methodology to identify the most frequently utilized 
building blocks (a collective term for characteristics, technologies and enabling factors) 
for adopting SM paradigm. In addition, the doctorate student also added to the existing 
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Contribution In this publication, the doctorate student develops a framework that can be employed by 
the manufacturing SMEs in their SM paradigm adoption journey. In addition, the 
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a methodology for a systematic review. 
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During the era of craft production, the products were made by hands or by using hand tools. The 
manufacturing related activities like processing of raw materials, production, and customer dealing 
were also performed by the owner. Four industrial revolutions succeeded the craft production. 
During Industry 1.0, machines like weaving loom were created to support the existing 
manufacturing practices. Similarly, during Industry 2.0, electrical energy was used to generate 
power, and workers created separate parts to be assembled later. The era of Industry 3.0 began 
with the use of computers and electronics on the shop floor and further reduced the amount of 
manual work. Finally, it is the era of SM/Industry 4.0 where information and data are used to make 
predictions. These predictions can assist in a more precise calculation of items like product 
demand, resource allocation, and the preventive maintenance time for machines. Table 1 presents 
a summary of the four industrial revolutions. 
Table 1: Summarizing the Industrial Revolutions (Thoben et al., 2017) 
Revolution Year Focus Sample Tools  
Industry 1.0 late 18th century mechanization weaving loom 
Industry 2.0 early 20th century division of work, mass production lathe, mill, weld 
Industry 3.0 early 1970s automation, computer, electronics ERP, CAD, CAM 
SM/Industry 4.0 today information sharing, data data analytics, IoT, CPS 
 
The term SM has been coined recently (emerging from previous initiatives such as intelligent 
manufacturing, among others by the Smart Manufacturing Leadership Coalition (SMLC) (a 
collaboration of the U.S. government, universities and private enterprises that recently established 
the Clean Energy Smart Manufacturing Innovation Institute (CESMII)). CESMII considers SM as 
the convergence of IT and OT. In broad terms, SM is defined as the integration of data and IT with 
manufacturing (Marr, 2015).  
Although data has been present in manufacturing enterprises (Tao et al., 2018) for decades, 
however, the realization, of how data can be exploited to make decisions was missing (Kusiak, 
2017). For the use of data in manufacturing enterprises, there is a need to develop approaches that 
can collect, store, and process, visualize data, and ultimately make data-driven decisions (Tao et 
al., 2018).  
Most existing methods have focused on MNEs’ needs to reap benefits from SM. However, SMEs 
lack a framework guiding them in their SM paradigm journey (Mittal et al., 2018a). Some SMEs 
still follow the practices established during craft production. Some SMEs are not yet aware about 
SM and its implications (study in West Virginia, U.S., showed that only 60% of the respondents 
from industry have heard about “Smart Manufacturing” (Wuest et al., 2018)), whereas, for some 
(that are aware of SM) the shift towards SM is still challenging. In other words, the SME 
owners/managers still lack the guidance and support towards the technical and, managerial and 
operational perspectives of adopting SM paradigm. Therefore, the objective of this dissertation is 
                                                            
1 This dissertation project is structured as a cumulative thesis. Therefore, some of the content in the following is derived from the papers 
previously published by the PhD student (see table A) 
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to provide a framework that appropriately acknowledges the SME’s perspective and assist in their 
SM paradigm adoption journey. 
This dissertation identifies the research gaps when it comes to introducing SM in the 
manufacturing SMEs and plans to develop a novel approach for the SMEs in analyzing their 
current readiness for adopting SM paradigm. It also suggests the set of activities that can be 
performed with the help of modular toolboxes to support the manufacturing SMEs shift towards 
SM. The framework developed in the current study was validated with the help of in-depth case 
study research performed in two manufacturing SMEs that have recently adopted SM practices.  
A systematic literature review led to the conclusion that an SMS may be defined with the help of 
various characteristics, technologies, and enabling factors (Publ. I & II). These technical aspects 
also helped in establishing that other manufacturing initiatives like Industry 4.0 are synonymous 
with SM. In the future, these aspects may also be utilized to determine whether a manufacturing 
system can be referred to as SM. The current research identified the requirements of manufacturing 
SMEs and mapped these requirements with the available methods of SM paradigm adoption that 
are present in the literature. It was found that the existing methods were developed for large 
enterprises and may not help SMEs (Publ. III). Therefore, these research gaps were discussed 
further for modifying the existing methods and leading towards a new framework that can help 
SMEs in its SM paradigm adoption journey. Finally, this dissertation develops a novel framework 
for guiding the manufacturing Small and Medium-sized Enterprises (SMEs) in their SM 
paradigm adoption journey (Publ. VII). The framework focused on assessing an SME’s SM 
readiness with the help of data present in the SMEs. During the next step, a SM tailored vision of 
SME was developed, and in the last step is to support this SME tailored vision with the help of 
technical and managerial tools. The current research also suggests a modular toolkit composed of 
seven individual modular toolboxes (Publ. IV), which supports an SME’s organizational 
dimensions through five maturity levels (Publ. V). The presence of the toolboxes makes this 
suggested framework ‘smart’ (Publ. VI). 
This section briefly introduces SM. The following sub-sections present the motivation behind the 
current research work, followed by defining SMEs and the research questions that need to be 
answered to achieve the research objective, the research design deployed to answer the research 
questions, the scientific contributions of the dissertation, and finally highlights how the 
publications correspond to the research design phases, and the research questions. Section 2 
presents a condensed literature review on SM, and the technical, managerial, and operational 
aspects of adopting SM paradigm in SMEs, and the challenges faced by SMEs. Section 3 presents 
a summary of all the publications that were published during this dissertation, and section 4 
presents a summary of the scientific contribution, limitations and future of the dissertation 
research. Finally, section 5 appends the publications (I-VII) related to this dissertation.   
1.1 Motivation 
The advances in manufacturing have led to affordable and faster technology means. Therefore, a 
product’s lifecycle data may be captured with the help of sensors and networks (Chiang and Lee 
2017; Kusiak 2017; Wang et al. 2012; Zhong et al. 2017; Zhong 2018). For example, there are 
software and ERP packages available for the specific needs of the organizations (Strozzi et al. 
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2017, Gershwin 2018). Similarly, the availability of economic cloud and processors (Moore’s 
Law) has ensured that analysis does not requires supercomputers anymore (Marr 2015; Syafrudin 
et al. 2019). As a result, the large amounts of data can be efficiently used to improve the existing 
manufacturing practices (Marr 2015). 
Initiatives have been launched by the governments of various countries to accelerate the growth of 
their manufacturing industries. Some of these initiatives are Industry 4.0 (Germany), Smart 
Factory (Korea), Made in China 2025, Make in India, Fabrica Intelligente (Italy), Catapult (U.K.), 
Smart Manufacturing (U.S.A.) (Trotta & Garengo, 2018). These initiatives aim to overcome the 
challenges arising due to the dynamic socio-technical systems, and tangible, intangible and human 
elements (Thoben et al., 2017). These initiatives also support the development of their 
manufacturing enterprises by providing grants, funding their research, offering favorable policies, 
and subsidized lands, just to name a few. 
The depleting natural resources, reducing product lifecycle, and an increasing product variety has 
emphasized on the concept of product lifecycle management. Design software has features to 
suggest the most optimized design for the given products and do the process simulation before the 
actual manufacturing. Similarly, the product prototypes are prepared to check the functionality of 
the product before manufacturing the end product. Data analysis and prediction in demand shifts 
is performed to support decision making. Therefore, manufacturing enterprises are going towards 
the era, in which they need to zero the number of failures. Similarly, customers are not only 
considering the factors like price, quality, and value of a product while purchasing. They 
consciously purchase the products that are recyclable and manufactured using sustainable 
practices. An enterprise can become more efficient by adopting SM paradigm and enabling the 
above-mentioned functionalities. 
There are methods for MNEs to transform themselves towards SM. However, the SMEs viewpoint 
has not been regarded. As a result, the main objective of this dissertation is to develop a 
methodology for manufacturing SMEs to assist them in their challenging SM paradigm adoption 
journey.    
1.2 Defining SMEs 
The current research follows the guidelines of the European Commission (European Commission, 
2003) to define the SMEs. European Commission (2003) described SMEs as the industrial sector 
with less than 250 employees, and its annual turnover does not exceed € 50 million (Table 2). 
Table 2: SMEs Definition (European Commission, 2003) 




Max. Annual  
Balance Sheet Total 
Small < 50 ≤ € 10 million ≤ € 10 million 
Medium < 250 ≤ € 50 million ≤ € 43 million 
  
There are different spectrums of SMEs and generalizing them is complicated. Despite the small 
number of employees, maximum annual turnover and the maximum annual balance sheet total, the 
SMEs may have other resources available, because the SMEs are an ancillary of an MNE. 
Similarly, some SMEs are more advanced (e.g., aerospace and defense) as compared to the 
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‘genuine’ SMEs (European Commission, 2006). Therefore, the scope of the current research is 
limited to the SMEs that are autonomous and have a partnership of less than 25% with other 
enterprises.  
1.3 Research Questions 
The following three research questions (RQ1-3) were derived, formulated and considered to 
achieve the objective of this dissertation. 
RQ1: What makes a manufacturing system smart? 
The phrase ‘smart manufacturing’ has become popular both in academia and industries, and 
therefore, any development is manufacturing is often associated with an SMS. As a result, a 
literature review of SM might help in identifying the various prerequisites that can help in 
understanding if a development lies under the umbrella of SM. Therefore, RQ1 will help in 
identifying if a manufacturing development in manufacturing may be categorized as smart, and 
similarly, might help in finding the similarities and the differences of SM with other manufacturing 
initiatives such as Industry 4.0, smart factory, and intelligent manufacturing. 
RQ2: Are the current SM adoption methods a good fit for the specific requirements of the 
manufacturing SMEs? 
It is not only the technical aspects but also the managerial aspects that will help in the shift towards 
SM paradigm adoption. Therefore, the objective of RQ2 is to check if a method for adopting SM 
fit SMEs, regarding their shift. Following are the sub-questions for RQ2: 
2a) What are the specific requirements of manufacturing SMEs? 
• This question aims to identify requirements that are specific to the manufacturing SMEs 
(compared to larger manufacturing companies). 
2b) What are the current methods supporting SM paradigm adoption? 
• This question aims to identify all currently available methods that are intended to support 
enterprises in their journey towards SM paradigm adoption. 
2c) Are the currently available methods a good fit for the requirements of manufacturing SMEs? 
• This question addresses how well the adoption methods fit the requirements of the 
manufacturing SMEs. 
2d) What are the research gaps that prevent current SM maturity models from providing the 
missing SME specific support? 
• If the answer to question 2c is that the current methods are not a good fit for the needs of 
manufacturing SMEs, question 2d aims to specify the research gap(s) that highlights the 
mismatch between the adoption methods and the SMEs’ requirements.  
2e) How can the current SM maturity models be adapted to support SMEs’ specific requirements 




• The question 2e expands the research gaps (identified in 2d) and modifies the existing maturity 
models to adapt to the identified needs of manufacturing SMEs. 
 
RQ3: How can SMEs adopt SM paradigm? 
There may be SMEs that have followed a common framework towards adopting SM paradigm and 
studying how SM has contributed to SMEs progress seems promising. Therefore, the objective of 
RQ3 is to evaluate the role of SM paradigm adoption in the success of SMEs. 
3a) Considering the adoption of SM paradigm in SMEs, how should a suitable 
framework/guideline be designed? 
• The question 3a inquiries regarding the requirements towards a suitable framework that SMEs 
can follow for SM paradigm adoption in their enterprise. 
3b) What lessons learned can be drawn from use cases of SMEs recently adopting SM practices 
and how can they help to validate the framework suggested in 3a? 
• SMEs can learn from their peers (and prefer that over advise from consultants and/or academics 
in many cases). As a result, the objective of 3b is to understand how some SMEs have already 
adopted the SM paradigm and to what extent the SM framework has been used/not used by the 
SMEs that have adopted SM paradigm. 
 
3c) Why this framework can be referred to as SM framework? 
 
• Question 3c discusses technical aspects of SM that are present in the developed framework, 
and therefore, explains the rationale behind referring to this framework as smart.  
1.4 Research Design 
This dissertation combines qualitative instrumental research approach and case study research 
(Figure 1). Instrumental research includes activities for the design of instruments (systems, 
methods) to achieve the objectives of the organizations (Martek, 1986; Mattessich, 1978; Moreira, 
2015). During instrumental research, a normative state (in this case, the need for an SM adoption 
framework for SMEs) is created to define the objective (see section 1), and a set of instrumental 
hypotheses leading to factual or conceptual instrument is created (e.g., the modification in the 
existing methods for adopting SM paradigm) (Moreira, 2015). If the proposed instrument can help 
users to achieve their goals, then the instrument is verified. This dissertation plans to employ a 
case study approach to validate and improve the proposed instrument. The instrumental research 
is performed in two macro-phases: intelligence and conception (Martek, 1986 in Moreira, 2015). 
During the intelligence phase, the current research employed the foundation of literature review 
(i.e., the technical, managerial, and operational aspects of the SM paradigm) and investigated the 
existing work related to the studied phenomenon. This phase resulted in the research gaps focusing 
towards development of a framework. During the conception phase, the instrument (framework) 





Figure 1: Research Design Followed During this Dissertation 
As the first step during the intelligence phase, an SMS was defined with the help of technical 
aspects, and a comprehensive systematic review of the literature (Grant & Booth, 2009) was 
performed to do so. During the review, it was found that literature defines SM, in terms of 
characteristics, technologies and the enabling factors, and different terms were used to refer to the 
same characteristic (or technology or the enabling factor). As a result, the principle of semantic 
similarity (Harispe et al., 2015) was utilized to cluster such similar terms. It was also determined 
that the presence of these technical aspects (characteristics, technologies and enabling factors) of 
SM can also help in evaluating whether a manufacturing system is smart or not. Finally, the most 
frequently considered technical aspects for adopting SM paradigm were identified. This 
identification can inform SMEs about the generalized options of the building blocks that they may 
consider having in their enterprises. The list of technical aspects of SM (from phase one) was also 
extended. This review identified the technical aspects of SM, but it was found that the managerial 
aspects required for adopting SM paradigm were still missing. Therefore, the need for performing 
a second literature review was realized. 
During the second step of the intelligence phase, a literature review on various methods of adopting 
SM paradigm was performed. This review provided information on the various managerial and 
operational aspects of adopting SM paradigm and utilizing the technical aspects determined in the 
first phase of the research. As the research focused on adopting SM paradigm in SMEs, a critical 
review discussing how well the methods of SM paradigm adoption do when it comes to satisfying 
the specific requirements of manufacturing SMEs was also performed.  
The research gaps identified during the intelligence phase led to the conception phase. These 
research gaps helped in highlighting the need (or the creation) of an SM paradigm adoption 
framework for SMEs, and secondly, it reflected how the existing methods can be improved from 
the operational perspective of adopting SM paradigm in SMEs. 
To create an SM paradigm adoption framework for SMEs, the manufacturing SMEs were visited, 
and during the discussions with the SME managers and owners, it was found that the SMEs need 
Need of a Smart 
Manufacturing paradigm
adoption framework for 
SMEs
Modifications in the 
existing methods for 
adopting Smart 
Manufacturing paradigm
Technical aspects of Smart 
Manufacturing
Managerial and operational 





Intelligence phase Conception phase
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economic and modular tools. As a result, a modular and economic toolkit composing of both the 
technical and the managerial aspects for the manufacturing enterprises, and a maturity model 
(acknowledging some of the research gaps identified earlier) were proposed. Toolbox, 
organizational dimensions, and levels were the three dimensions of the maturity model. Maturity 
model was integrated with the readiness assessment tool, and it can be adopted at five levels 
(starting with level 0). Since the maturity model did not consider all the research gaps identified 
earlier, therefore, this maturity model was integrated with the framework.  
During the next step of the conception phase, the suggested framework was validated with the help 
of the lessons learned by the SMEs that have recently adopted SM practices. Finally, why the 
framework may be referred to as an SM framework was discussed. 
The research approach should be based on the researcher’s experiences, and understanding of the 
research objective (Åkerman, 2018; Creswell, 2014). An overview of different research design 
phases, the steps performed during the research design phase and the corresponding research 
approach employed for the current research is highlighted in Table 3. The explanation of the 
research methods and why they were employed is elaborated in the remaining section 1.4. 
Table 3: Research Approaches Employed 
# Research Design 
Phase 
Steps in Research Design Research Design 
Informed By 
(Research Approach) 
Research Approach  
 Defined By  
A Intelligence phase Identifying technical aspects 
of SM 




Grant & Booth (2009) 
 
Harispe et al. (2015) 
B Intelligence phase SME requirements Literature review Grant & booth (2009) 
SM Adoption Methods Literature review Grant & Booth (2009) 
Managerial aspects of SM Literature review Grant & Booth (2009) 
Check SME requirements fit 
with SM adoption methods 
Critical review Grant & Booth (2009) 
 C Conception phase Identify need of framework 
and modifications in the 
existing methods 
Critical review Grant & booth (2009) 
D Conception phase 
(creation) 
SM toolkit for SMEs 
SM maturity model for SMEs 
(SM3E) 
Literature review & 
Industry visits 
 
Grant & booth (2009) 
Creswell (2014) 




E Conception phase 
(validation) 
Framework validation Case study research 
method 
Yin (2003) 




Fernandez et al. (2011) 
 
Literature Review: A literature review can determine the previous work that has the potential to be 
included from the body of knowledge (Grant & Booth, 2009). The results of the literature review 
may be analyzed and contributed in the form of text, table, and graphs (Grant & Booth, 2009). 
during the current research work, it was necessary to study the existing literature during different 
steps in research design. Firstly, a comprehensive literature review was performed to know the 
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technical aspects that are often associated with SM. Secondly, the literature review leads to the 
identification of specific SME requirements and the methods for adopting SM paradigm. Thirdly, 
the literature review informed about the toolboxes, levels, and organizational dimensions, related 
to initiatives like Industry 4.0 and smart factory.    
Critical Review: A critical review evaluates the value of previous research (Grant & Booth, 2009). 
It provides the starting point for further research, in the form of a hypothesis or model (not an 
answer), involves analysis and synthesis of the diverse sources and thus leads towards conceptual 
innovation (Grant & Booth, 2009). Therefore, the critical review goes further as compared to a 
literature review. “The resultant model may constitute a synthesis of the existing models or schools 
of thought, or it may be a completely new interpretation of the existing data” (Grant & Booth, 
2009). In the current research, the critical review was utilized to check the fit of existing methods 
toward satisfying SME requirements. The evaluation of the critical discussion resulted in the fact 
that the existing methods cater to the needs of MNEs, and therefore, there are research gaps that 
obstruct existing methods in supporting SMEs towards adopting SM paradigm. Thus, an adapted 
method from the synthesis of the existing methods was proposed. 
Semantic Similarity: Semantic similarity may be considered as a metric defined to relate a set of 
terms. The idea of the distance between these terms is founded on the likeliness of their meaning 
or the semantic content and not on the similarity of the words (Harispe et al., 2015). The current 
research work utilized the concept of “semantic similarity” to cluster the semantically similar 
aspects of SM. Thus, semantic similarity made the process of clustering more transparent.  
Systematic Mapping Review: Systematic mapping review can unbiasedly categorize and 
summarize the information on a research question (Fernandez et al., 2011). Thus, a systematic 
mapping review can assist in mapping how well some factors have been used in some methods. 
During this dissertation, the systematic mapping review was utilized to identify how frequently 
the same sets of SM building blocks have been suggested in the scientific literature to adopt SM 
paradigm. It also highlighted the SM building blocks that were present in the framework proposed 
during the current research. 
Case Study Research Method: Case Study Research Method helps in understanding a complex 
social phenomenon (Yin, 2003) because they can “retain the holistic and meaningful 
characteristics of the real-life events” (Yin, 2003). 
Various research methods have been described in Table 4 (Yin, 2003). Based on the analysis in 
Table 4, the current study shows that the case study research is the best method to validate the 
framework suggested during the current research. Firstly, the primary research question of this 
study includes a “how”; therefore, case study research becomes a viable option. Secondly, the 
researchers involved in this study did not have any control over how an SME would like to adopt 
SM paradigm. As a result, case study research is a good option. Thirdly, SM is a recent 
phenomenon, and its adoption in SMEs pertains to real-life context, and therefore, a case study is 
an option. After considering all the three conditions, it was found that overall, the case study 




  Table 4: General Characteristics of Research Methods (Yin, 2003) 
  Research Methods 
# Conditions 
 
Case Study Experiments Surveys Histories Analysis of 
Archival Info. 























Yes Yes No Yes/No 
 
1.5 Scientific Contribution 
Any scientific contribution should contribute to the theory and practice. In the following scientific 
contributions pertaining to the current research are summarized and presented. 
Following are the scientific contribution of the current research work to the theory: 
• It identified the design principles, i.e., the characteristics, technologies, and enabling factors 
that can be associated with an SM. The design principles of SM were found to be similar to 
the design principles of Industry 4.0, and it was identified that the initiatives ‘Smart 
Manufacturing’ and ‘Industry 4.0’ were synonymous. 
• It identified the specific requirements from the perspective of manufacturing SMEs.  
• It identified the current methods suggested in the literature from the perspective of SM 
paradigm adoption. It also identified the research gaps that prevent the existing methods in 
supporting SMEs in their SM paradigm adoption journey. 
• It developed an SM paradigm adoption framework from SME viewpoint by acknowledging 
the research gaps identified in the literature. 
• It suggested the key activities that can be performed with the help of various SM toolboxes 
corresponding to the SME organizational dimensions. 
• It identified the most preferred characteristics, technologies, and enabling factors suggested in 
methods (from literature) to adopt SM paradigm. 
Following are the scientific contribution of the current research work to the practice:  
• It developed modular and economic SM tools and practices that can be adopted by SMEs to 
perform the various operational functions effectively.  
• It demonstrated the success stories of SMEs that have already taken their initial steps in their 
SM paradigm adoption journey. The success stories will inspire other SMEs regarding the 




1.6 Publications Corresponding to the Research Design Phases 
All the research design phases of the current research were covered with the help of publications. 
Table 5 depicts how the publications correspond to the steps in the research design phase, the 
corresponding research question acknowledged, name of the publication, whether the publication 
outlet is a journal, or a conference and the status of the publication. 












• Identifying technical 
aspects (characteristics 
and technologies) of SM 
• Clustering similar items 
RQ1 Publication I Conference Published 
• Identifying technical 
aspects (characteristics, 
technologies and 
enabling factors) of SM 
• Clustering similar items 
RQ1 Publication II Journal Published 
B Intelligence 
phase 
• SME requirements 
• SM paradigm adoption 
methods 
 






• Map SME requirements 
with SM paradigm 
adoption methods 
• Identify research gaps 
• Modifications in the 
current SM paradigm 
adoption methods 






• Propose SM toolkit 
 
RQ3a Publication IV Conference Published 
• Propose SM maturity 
model 
RQ3a Publication V Conference Published 
• Propose SM paradigm 
adoption framework 




11th, 2019 E Conception 
phase 
(validation) 
• Validation of the 
proposed SM paradigm 
adoption framework 
RQ3b 
F - • Why SM paradigm 
adoption framework may 
be referred as “smart” 
RQ3c Publication VI Conference Accepted 
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2 Literature Review 
The sub-sections in section 2 present a summarized literature review related to this dissertation, 
for an in-depth review, please refer to the Publications I-VII (attached in chapter 5).  
The success of SMEs depends on how their managers/owners understand the technical, 
managerial, and operational aspects (White, 2009). The selection of appropriate technical and 
managerial aspects during decision making (Carson & Gilmore, 2000) provides a competitive edge 
to the manufacturing SMEs. Therefore, a framework for adopting SM paradigm in SMEs should 
be informed with the help of technical, managerial, and operational aspects. Technical aspects are 
related with the understanding of the state-of-art technologies that will help in providing 
enterprises with a competitive edge, whereas, the managerial and operational aspects are the 
business plans and the practices that can appropriately introduce the technical aspects (Carson & 
Gilmore, 2000).   
2.1 Smart Manufacturing 
During the age of craft production, manufacturing was about converting raw materials into finished 
form (Offodile & Abdel-Malek, 2002), but with time manufacturing has become more complicated 
(Esmaeilian et al., 2016). Information plays a crucial role in understanding the needs of the market 
and in improving the overall system performance (Jung et al., 2016). SM can employ the available 
information to identify when the outbreaks occur with the help of technologies like enterprise 
technology, interoperability, tracking raw materials (Davis et al., 2012). SM may be referred to as 
the marriage of manufacturing data with information technology (Marr, 2015). In an SMS, 
information flow is free within the system boundary, and the information flow is controlled outside 
the system boundary (Jung et al., 2015). Thus, an SMS can enable the products to tailor themselves 
with the market requirements, where an increased demand and product variety highlighted the 
necessity of prediction and data-driven decision making (Wang et al., 2018).  
Various technical aspects have been suggested for achieving SM. However, a list of these technical 
aspects, that can inform the manufacturing initiatives have been missing. The information 
technologies that can integrate the entire production system is available, but they are rare in MNEs 
and absent in the SMEs (Davis et al., 2012). As a result, before understanding the adoption of SM, 
it is vital to understand the various technical aspects that can be utilized in the journey towards SM 
paradigm adoption.            
2.2 Technical Aspects of Smart Manufacturing 
SM is about utilizing ICTs and communication technologies in manufacturing practices (Davis et 
al., 2015; Kang et al., 2016). Networked data, ICTs, CPS, IoT, cloud computing, data science, AI, 
AR, VR, robots, blockchain, 3D printing, cyber-security, IT-based production management, 
intelligent products, data analytics, simulation, energy-saving, real-time communication (Mittal et 
al., 2017; Saucedo-Martínez et al., 2017; Ghobakhloo, 2018; Xu et al., 2018) are some of the 
technologies that are often associated with SM.  
Considering new technical aspects can be beneficial to the enterprises, as installing technologies 
can reduce the costs of production, increase the product quality, decrease the delivery cycles, lower 
the inventory levels (Skinner, 1984; Mellor et al., 2014). The technical aspects are the engineering 
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prerequisites that play a vital role in adopting SM paradigm. Therefore, it is very crucial to 
understand the technical aspects that are related to SM. Although understanding the technical 
aspects is necessary, however, it is not enough for adopting SM paradigm in SMEs. The 
manager/owner of SMEs also needs to know when and where to implement technology and up to 
what extent.       
2.3 Managerial and Operational aspects of Smart Manufacturing 
The managerial and operational aspects should complement the technical aspects of SM. They 
may be defined as the concepts, ideas, and practices necessary for the organizational 
transformation towards SM/Industry 4.0 (Črešnar et al., 2018). The managerial aspects include 
organizational practices as business models, lean thinking, organizational culture, employee 
involvement (Črešnar et al., 2018; Van de Vrande et al., 2009).  
Various methods for SM/Industry 4.0 adoption are present in the literature. These methods 
(Rockwell Automation, 2014; Anderl et al., 2015; Lichtblau et al., 2015; Weyer et al.; 2015; 
Ganzarain & Errasti, 2016; Geissbauer et al., 2016; Jung et al., 2016; Qin et al., 2016; Schumacher 
et al., 2016; Gökalp et al., 2017; Kannan et al., 2017; Lee et al., 2017; Schuh et al., 2017; Akdil et 
al., 2018; Scremin et al., 2018) are in the form of frameworks, maturity models, roadmaps, 
readiness assessment methods. Although, these terms appear similar, however, there is a slight 
difference in their approaches. Frameworks consist of the guidelines for designing a system 
(Storey, 2005). Maturity models suggest steps to reach a more sophisticated level (Mettler, 2011). 
Readiness assessments can evaluate the preparedness of capabilities towards a goal (Benedict et 
al., 2017). Roadmaps are procedures to attain technical short-term and long-term goals (Garcia & 
Bray, 1997).  
Adopting SM/Industry 4.0 in SMEs context needs a well-defined methodology. The above-
mentioned methods suggested in the literature for adopting SM paradigm consider the use of items 
such as expensive high-tech technologies, highly skilled employees, similarly, these methods 
assume the presence of items such as a positive organizational culture that facilitates learning new 
skills, employee participation in decision making. But these technical and managerial aspects 
might not be present in many manufacturing SMEs. As a result, the technical, managerial and 
operational aspects for adopting SM paradigm does not seem do not acknowledge the challenges 
faced by SMEs, and therefore, these methods may rather focus on adopting SM paradigm in MNEs. 
As a result, there is a need to develop a unique set of operational aspects for adopting SM paradigm 
in SMEs.      
2.4 Requirements of Manufacturing SMEs  
SMEs form a large part in the economy (99.7% of businesses in the U.S. have less than 500 
workers (Census Bureau’s Annual Survey of Entrepreneurs, 2018), and similarly, 99% of 
enterprises in the European Union are SMEs (European Union, 2006)). However, there are limited 
studies that focus on the requirements of the manufacturing SMEs. These studies (Julien & 
Ramangalahy, 2003; Kennedy & Hyland, 2003; Terziovski, 2010; Wuest & Thoben, 2011; Kumar 
et al., 2014; Vasudevan & Chawan, 2014; Dyerson et al., 2016; Müller and Voigst, 2017) were 
performed in different parts of the world and focused towards the limitations of the manufacturing 
SMEs. The results of these studies have shown that financial resources, use of advanced 
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manufacturing technologies, use of software, product specialization, adherence to industrial 
standards, organizational culture, employee participation, alliances with Universities/ research 
institutions, collaboration with customers/suppliers are the broad requirements of the 
manufacturing SMEs. 
Overall, to adopt SM paradigm, the SMEs must facilitate the learning of its employees. Similarly, 
the employees should also be ready to continuously transform them towards learning new skills 
and accepting the organizational changes. As a result, it might be said that SMEs should become 










             
             
             
             
             
             
             
             
             
             
             
             






3 Adopting Smart Manufacturing in SMEs 
This chapter presents a summary of the peer-reviewed publications associated with this 
dissertation project. The subsections 3.1-3.7 depict a summary of publications I-VII, with the help 
of a short description, results, and the discussion and the conclusions.  
Figure 2 presents a schematic showing how the publications I-VII were associated with each other. 
Figure 2 also shows how the answers to the three research questions (developed in the current 
dissertation), were able to attain the overall objective of developing a framework for guiding the 
SMEs in their SM paradigm adoption journey. 
 
Figure 2: Schematic Showing How Publications are Linked 
 
All published publications (and the preprint versions for publications VI & VII only) are attached 
in the appendix of this document for your reference.       
             
             
             
             
             
             
             
             
             
          
Publ. I Publ. II
 RQ1: Aspects of a smart manufacturing system
Publ. III
 RQ2: Current methods for adopting smart
manufacturing are not a good fit for the specific
requirements of the manufacturing SMEs
Publ. IV
Publ. V
Publ. VI Publ. VII




3.1 Smart Manufacturing: Characteristics & Technologies (Publ. I)     
 
Citation 
Mittal, S., Khan, M. A., & Wuest, T. (2016, July). Smart manufacturing: characteristics and 
technologies. In IFIP International Conference on Product Lifecycle Management (pp. 539-548). 
Springer, Cham. 
Short Description 
Although, SM is often used in scientific literature, however, a proper definition of SM is not 
mentioned. The technical aspects of SM, that might help in defining it has been missing. As a 
result, the Publication I review and collects these building blocks (a common term for technical 
prerequisites that can help in installing SM). The review was limited to “Smart Manufacturing” 
and the other terms like Industry 4.0, smart factory, intelligent manufacturing that are related to 
SM were not considered. 
Results 
The results identified that there are characteristics and technologies that relate to SM, and at times, 
the researchers have referred to the same characteristics, and technologies with different 
terminology. 
Discussion and Conclusion 
Publication I contribute by finding that building blocks for SM and clusters them into five 
characteristics and ten technologies (Table 6). These building blocks may also be used to determine 
if a manufacturing initiative may be referred to as SM or not. 
Table 6: Smart Manufacturing Building Blocks (Initial) Identified in Publication I  
Characteristics Technologies 





• Intelligent Control 
• Energy Saving/Energy Efficiency 
• Cyber Security 
• Cyber Physical Infrastructure 
• Visual Technology 
• IoT/IoS 
• Cloud Computing/Manufacturing 
• 3-D Printing/Additive Manufacturing 
• Smart Products/Parts 
• Data Analytics 
             
             
             





3.2 Smart Manufacturing: Characteristics, Technologies & Enabling Factors (Publ. II) 
         
Citation 
Mittal, S., Khan, M. A., Romero, D., & Wuest, T. (2017). Smart manufacturing: characteristics, 
technologies and enabling factors. Proceedings of the Institution of Mechanical Engineers, Part 
B: Journal of Engineering Manufacture, 233(5), 1342-1361. 
Short Description 
A more comprehensive literature review (expansion of Publication I) was performed to find the 
technical aspects that are often associated with SM. Here also “Smart Manufacturing” was 
deployed as the search term, and the other manufacturing initiatives were not considered. The 
concept of semantic similarity was used to cluster the keywords that denoted similar items. 
Results 
It was found that there are characteristics, technologies and enabling factors that may be associated 
with a SM. Researchers have denoted these building blocks by using different terminology. 
Discussion and Conclusion 
Publication II contributes by clustering twenty-seven characteristics, thirty-eight technologies and 
seven enabling factors into the clusters of five characteristics, eleven technologies and three 
enabling factors (Table 7) with the help of principle of semantic similarity (Harispe et al., 2015). 
These are the building blocks that an SMS may find appropriate. The SM building blocks were 
compared with the Industry 4.0 design principles and the proposed manifestations of Industry 4.0, 
and it was found that both SM and Industry 4.0 are synonymous. 
Table 7: Smart Manufacturing Building Blocks (Comprehensive) Identified in Publication II  
Characteristics Technologies Enabling Factors 





• Intelligent Control 
• Energy Saving/Energy Efficiency 
• Cyber Security 
• Cyber Physical Infrastructure 
• Visual Technology 
• IoT/IoS 
• Cloud Computing/Manufacturing 
• 3-D Printing/Additive 
Manufacturing 
• Smart Products/Parts 
• Data Analytics 
• IT-based production management 
• Laws and regulations 
• Innovative education and training 
• Data sharing systems and standards 
             




3.3 A Critical Review of Smart Manufacturing & Industry 4.0 Maturity Models: Implications 
for Small and Medium-sized Enterprises (SMEs) (Publ. III)     
         
Citation 
Mittal, S., Khan, M. A., Romero, D., & Wuest, T. (2018). A critical review of smart manufacturing 
& Industry 4.0 maturity models: Implications for small and medium-sized enterprises 
(SMEs). Journal of manufacturing systems, 49, 194-214. 
Short Description 
This publication first discussed and compared the stand of SMEs and MNEs when it comes to the 
features of manufacturing industries. The features for which SMEs needed to improve were 
referred to as SME specific requirements. It was found that financial resources, advanced 
manufacturing technologies, industrial standards, organizational culture, employee participation, 
research alliances with universities and institutions are the requirements of the manufacturing 
SMEs. In addition, the roadmaps, frameworks, and maturity models leading towards SM, Industry 
4.0 and Smart Factory were studied. As there were not many methods that guided enterprises 
towards SM, this publication also reviewed the methods orienting towards Industry 4.0, and Smart 
Factory.  
Results 
When the SME specific requirements were mapped with the methods of adopting SM, a critical 
review led to the finding that currently there are no methods that can fulfill all the SME 
requirements and help SMEs in their SM paradigm adoption journey. 
Discussion and Conclusion  
Publication III identified the unique requirements of the SMEs and performed a critical review on 
how well the existing methods can satisfy these requirements and based on the critical review it 
determines the research gaps that might help in modifying the existing methods for SM paradigm 
adoption from an SME’s perspective. The potential answers for the identified research gaps were 
also discussed.  
The identified research gaps are:   
• Firstly, the current starting or the “level 1” of most maturity models is disconnected from 
the actual readiness level of many SMEs.  
• Secondly, the transition from this new base level, “level 0”, to the current “level 1” requires 
significant efforts including a mind-set change.  
• Thirdly, maturity models and readiness assessments need to be integrated with an SM 
toolkit.  
• Fourthly, SMEs need to develop their tailored vision of SM that can be realized with the 
help of the SM toolkit. 
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3.4 Towards a Smart Manufacturing Toolkit for SMEs (Publ. IV)    
              
Citation 
Mittal, S., Romero, D., & Wuest, T. (2018, July). Towards a smart manufacturing toolkit for 
SMEs. In IFIP International Conference on Product Lifecycle Management (pp. 476-487). 
Springer, Cham. 
Short Description 
A toolkit is a set of methods, tools, practices, and technologies (Odedairo and Bell, 2010) that 
might help in enhancing some capabilities. Importance of modular and economic toolkits was 
realized during the visit to SMEs, and the discussion with the SME managers. Toolkits may be 
installed in SMEs to improve their existing capabilities. This publication proposes a toolkit for SM 
with the help of a literature review and discussions held during the SME visits.  
Results 
The toolkit consists of seven toolboxes that acknowledge both technical and managerial aspects of 
an enterprise. The seven toolboxes are: i) Fabrication and Manufacturing Tools, ii) Design and 
Simulation Tools, iii) Robotics & Automation Tools, iv) Sensors and Connectivity Tools, v) 
Cloud/ Storage Tools, vi) Data Analytics Tools, and the vii) Business Management Tools. Each 
toolbox was proposed in five levels, namely, novice, beginner, learner, intermediate and experts, 
where the degree of SM realization increases from novice to expert. 
Discussion and Conclusion 
Publication IV develops an SM toolkit that contains seven modular toolboxes. The toolboxes 
acknowledge both the technological and managerial perspectives of the industry. The inputs 
required for each toolbox at all five levels were also mentioned. Finally, two demonstrations that 
deployed these toolboxes were presented. The first demonstration showed how the old analogue 
lathe and mill machines were made smarter with the help of the sensors and connectivity tools, 
whereas the second demonstration proposed how a visual inspection machine (a robotic & 










3.5 Towards Smart Manufacturing Maturity Model for SMEs (Publ. V)   
         
Citation 
Mittal, S., Romero, D., & Wuest, T. (2018, August). Towards a Smart Manufacturing Maturity 
Model for SMEs (SM 3 E). In IFIP International Conference on Advances in Production 
Management Systems (pp. 155-163). Springer, Cham. 
Short Description 
Maturity models can define its levels in terms of components and sub-components, and therefore 
they might be a channel for SMEs journey towards SM paradigm adoption. This publication 
proposes a three- dimensional SM maturity model for manufacturing SMEs (SM3E). 
Results 
SM3E have organizational dimensions on X-axis, the toolkit on Y-axis and the five maturity levels 
on the Z-axis. The five organizational dimensions, finance, people, strategy, process, and product 
serve the basic organizational structure and enterprise functions of SME. The dimensions 
acknowledged the evolution of manufacturing systems and were designed with an SME 
perspective and their specific requirements.  
Discussion and Conclusion 
Publication V develops an SM maturity model (Figure 3) towards the SM framework for the 
SMEs. It also mentions the key activities corresponding to how the organizational dimensions 
are served by a toolbox at different levels.        
     
 




3.6 Building Blocks for Adopting Smart Manufacturing (Publ. VI)    
  
Citation 
Mittal, S., Khan, M. A., Romero, D., & Wuest, T. (2019). Building Blocks for adopting Smart 
Manufacturing. In Procedia Manufacturing Vol. 24 (pp. 978-985). 
Short Description 
SM paradigm adoption can reduce the cost of production on the one hand and can help in the faster 
demand fulfillment on the other side. As a result, manufacturing enterprises plan to align 
themselves towards SM. However, the manufacturing enterprises are still not confident about what 
are the building blocks that might assist them in aligning themselves towards SM. As a result, 
publication VI performs a systematic mapping review to identify the most frequently used building 
blocks for adopting SM paradigm. 
Results 
Robots and blockchain were added to the existing list of SM building blocks. The most frequently 
utilized building blocks for adopting SM were identified (Figure 4).  
Discussion and Conclusion  
Publication VI identified that intelligent control, data sharing systems and standards, data 
analytics, interoperability, IT-based production management are the most frequently used building 
blocks preferred for adopting SM paradigm. Whereas, blockchain, robots, visual technology are 
the least used building blocks for SM.  
 
Figure 4: Frequently Used Building Blocks for Adopting Smart Manufacturing (Mittal et al., 2019) 
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3.7 A Smart Manufacturing Adoption Framework for SMEs (Publ. VII)    
         
Citation 
Mittal, S., Khan, M., Purohit, J., Menon, K., Romero, D. & Wuest, T. (20XX). A smart 
manufacturing adoption framework for SMEs. Currently under review. 
Short Description 
Adopting SM is a challenging task for SMEs, but straightforward steps for adopting SM paradigm 
might help SMEs. An SME framework should include the guidelines towards finding the readiness 
and then defining a tailored vision with the help of appropriate tools.  
Results  
The instrumental research approach was applied, and the necessity of developing an SM paradigm 
adoption framework for SMEs was realized. The developed SM paradigm adoption framework 
was validated by employing multiple case studies in the two unique manufacturing SMEs that have 
already taken their steps towards SM. 
Discussion and Conclusion 
Publication VII presented an SM paradigm adopting framework that used existing data in the 
manufacturing SMEs to assess its SM readiness. Based on the readiness level and SMEs 
understanding of the market, SMEs can develop their tailored vision of SM. Finally, the tailored 
vision was realized with the help of SM tools and practices. Various findings related to SM 













4 Conclusion, Limitations and Recommendation for Future Works 
In the following sub-sections, the conclusion, summary of the answers to the research questions, 
limitations and the recommendations for the future work have been presented.    
4.1 Conclusion 
This section presents the concluding remarks from the doctorate student. 
The objective of this thesis was to support manufacturing SMEs towards SM paradigm adoption. 
This overarching objective was achieved with the help of three broad research questions (RQ 1-
3). The summarized answers of these research questions have been discussed in section 4.2.  
Various manufacturing initiatives were started by the international governments to support the 
manufacturing industries of their own countries. SM was an initiative that started with the 
collaboration of the U.S. government, universities, and private agencies. It was observed that the 
scientific publications and the white papers did not defined SM. As a result, a review was 
performed to identify the various aspects that define SM. It was found that there were sets of 
characteristics, technologies, and enabling factors that are associated with the SM. 
The scientific literature and the white papers suggested various methods for adopting SM. 
However, when these methods were critically discussed from the perspective manufacturing 
SMEs, it was identified that the current literature does not include a method that can support in 
manufacturing SMEs’ transition towards SM. The current methods were also critically discussed 
to identify where they lack when it comes to guiding SMEs. It was found that these methods 
assume the presence of resources like advanced manufacturing technologies, favorable 
organizational culture, and a skilled workforce. However, SMEs do not possess these resources. 
Finally, an SM adoption framework from SMEs perspective was developed. The framework 
acknowledged the existing data-related activities in the manufacturing SMEs and assessed the SM 
readiness of the SMEs based on these activities. The present readiness of SMEs, and the SM 
awareness helped SMEs in developing their own tailored vision of SM. The SME tailored vision 
was achieved with the help of modular tools and practices. These modular tools and practices were 
associated with the aspects of SM. Thus, the overall objective of this dissertation was realized.   
4.2 Summary of RQ’s Answers 
Here is discussed the answers to the original research questions outlined in the section 1.3.  
RQ1: What makes a manufacturing system smart? 
This question was answered with the help of a systematic literature review. It was found that there 
were similar characteristics, technologies and enabling factors that were referred by different 
terms. As a result, the principle of semantic similarity was used to cluster such similar terms. This 
question was answered with the help of Publication I and II. Finally, SM was associated with five 
characteristics, eleven technologies and three enabling factors. 
RQ2: Are the current SM paradigm adoption methods a good fit for the specific 
requirements of the manufacturing SMEs? 
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A critical review was performed to answer this question and its sub-questions. This question was 
answered in the Publication III. It was found that the existing methods do not serve the specific 
requirements of the manufacturing SMEs. 
2a) What are the specific requirements of manufacturing SMEs? 
• This question was answered with the help of a literature review. Broadly, financial resources, 
advanced manufacturing technologies, industrial standards (like ISO), organizational culture, 
employee participation, alliances with Universities and research institutions and collaborations 
with other enterprises were identified as the requirements of the manufacturing SMEs.  
2b) What are the current methods supporting SM paradigm adoption? 
• This question was also answered with the help of a literature review. Fifteen different methods 
supporting SM paradigm adoption were identified. These methods were in the form of maturity 
models, readiness models, roadmaps and frameworks.  
2c) Are the currently available methods a good fit for the requirements of manufacturing SMEs? 
• An analysis using critical review was performed to answer this question. It was found that, the 
currently available methods in the literature are not a good fit for the requirements of 
manufacturing SMEs. 
2d) What are the research gaps that prevent current SM maturity models from providing the 
missing SME specific support? 
• The answer of this question was the result of the critical analysis performed in 2c). Four 
research gaps were identified in this regard. 
2e) How can the current SM maturity models be adapted to support SMEs’ specific requirements 
in their evolutionary path and the paradigm shift towards SM and Industry 4.0? 
 
• To answer this question the research gaps identified in 2d) were acknowledged and a solution 
was proposed. 
 
RQ3: How can SMEs adopt SM paradigm? 
This question and its sub-questions were answered with the help of the publications IV-VII. In this 
regard, a framework expanding on the suggestions provided in 2e) was proposed and validated 
with the help of SME cases that have already started their SM paradigm adoption journey. 
3a) Considering the adoption of SM in SMEs, how should a suitable framework/guideline be 
designed? 
• To answer this question the research gaps proposed in 2d) were acknowledged to develop an 
SM paradigm adoption framework for SMEs. 
3b) What lessons learned can be drawn from use cases of SMEs recently adopting SM practices 
and how can they help to validate the framework suggested in 3a? 
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• This question employed case study research to validate the framework proposed in 3a). 
 
3c) Why this framework can be referred to as SM framework? 
 
• The various tools and practices used in this framework were mapped with the building blocks 
of SM. It was found that many SM technologies and enabling factors were a part of SM 
enabling factors. Therefore, it was right to refer to this framework as smart.     
4.3 Limitations and Future Work 
This section outlines the limitations of this dissertation. Overall, it summarizes the specific 
limitations that existed in the seven peer-reviewed publications. 
The publications I and II clustered the building blocks of SM into characteristics, technologies, 
and enabling factors. Literature did not directly mention a building block as a characteristic, 
technology, or an enabling factor. As a result, the subjective perspective of the authors was 
employed to consider it as a characteristic, technology, or an enabling factor. Similarly, at times, 
the exact definitions of the building blocks were not provided. Therefore, the clusters in the 
publication I & II were based on the knowledge and experience of the authors. 
The publication III was developed with the help of a literature review. There was no primary 
research data to support the findings. Similarly, the cultural, political, and location-based 
biases that play an important role during technology adoption. However, these biases were not 
considered in the publication. In addition, there were not many adoption methods available in the 
literature during the development of this manuscript. As a result, there were five white papers 
considered. 
The publications IV and V proposed an SM toolkit and an SM maturity model. However, they 
were not validated with the help of a quantitative study. Instead, its inputs were established with 
the help of multiple case study research (in the framework developed in Publication VII). 
The publication VI performed a systematic mapping review. However, the building blocks in the 
review were identified from the reviewed articles only. Similarly, the methods for adopting SM 
considered white papers as well. 
The publication VII proposed an SM paradigm adoption framework for SMEs. However, this 
framework might need an expert. Similarly, the SMEs cases considered during the current 
research followed the production policies based on engineer-to-order principles only.  
4.4 Future Work 
This section outlines the future work of this dissertation. It also presents a solution to the 
limitations that existed in the original seven peer-reviewed publications.  
The list of clusters mentioned in the publications I and II may be expanded by further reviewing 
the state-of-art building blocks that are associated with the SM. In this regard, when new 
technologies were reviewed in publication VI, some technologies were included in the existing 
technology cluster, whereas some other technologies formed a new cluster. 
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In publication II, the design principles of SM and Industry 4.0 were compared, and it was found 
that the two initiatives are synonymous. The design principles of other manufacturing 
initiatives like the smart factory, intelligent manufacturing, may be compared and evaluated to 
identify if they are similar or different from SM. 
The specific requirements of manufacturing SMEs may be identified with the help of primary 
data. Similarly, primary data may be employed to check if the current methods for adopting SM 
fit to these requirements of manufacturing SMEs. The cultural, political, and location-based 
factors might also be studied. In addition, when more methods for adopting SM are available in 
the scientific literature, the researchers can avoid considering the white papers. 
The SM toolkit and the SM maturity model proposed in the publications IV and V may be 
validated with the help of quantitative studies based on the primary data collected from the 
manufacturing SMEs. 
The findings in the publication VI may be checked and updated with a more exhaustive review 
of the state-of-the-art methods employed to find the most preferred building blocks for adopting 
SM paradigm.  
The framework proposed in the publication VII can be refined and adapted in the form of a self-
evaluation tool. The tool can also be complemented by sharing lessons learned from successful 
SMEs that have successfully adopted SM tools and practices. Similarly, the framework may be 
applied to the SMEs that follow make-to-stock, make-to-order, and assemble-to-order 
production principle.  
The SM adoption framework may also employ the concept of temporal think tankTM (T3TM) to 
create cross-departmental teams that can regularly interact to discuss the new ideas (Lindeke et 
al., 2009). This concept may also be evaluated with the help of primary data collected from the 
manufacturing enterprises.          
             
             
             
             
             
             
             
             
             
             
             
     
26 
 
References:           
   
Anderl, R., Picard, A., Wang, Y., Fleischer, J., Dosch, S., Klee, B., & Bauer, J. (2015). Guideline Industrie 4.0-guiding 
principles for the implementation of Industrie 4.0 in small and medium sized businesses. In VDMA Forum 
Industrie, Vol. 4. ISBN: 978-3-8163-0687-0 
Akdil, K. Y., Ustundag, A., & Cevikcan, E. (2018). Maturity and readiness model for Industry 4.0 strategy. In Industry 
4.0: Managing the Digital Transformation (pp. 61-94). Springer, Cham. DOI: 10.1007/978-3-319-57870-5_4. 
Åkerman, M. (2018). Implementing shop floor IT for Industry 4.0. Chalmers University of Technology. 
Benedict, N., Smithburger, P., Donihi, A. C., Empey, P., Kobulinsky, L., Seybert, A., ... & Meyer, S. (2017). Blended 
simulation progress testing for assessment of practice readiness. American journal of pharmaceutical 
education, 81(1), 14. 
Carson, D., & Gilmore, A. (2000). SME marketing management competencies. International Business Review, 9(3), 
363-382. 
Census Bureau’s Annual Survey of Entrepreneurs (2018). Retrieved in June 2019 from 
https://www.census.gov/data/tables/2016/econ/ase/allcompanytables.html 
Chiang, Y., & Lee, D. (2017). Smart manufacturing with the internet of makers. Journal of the Chinese Institute of 
Engineers, 40(7), 585-592.  
Creswell, J. W. (2014). Research design: International student edition. Sage publications. 
Črešnar, R., Protcan, V., Nedelko, Z. (2018). Management tools for supporting the transition of manufacturing 
organizations to Industry 4.0: The case of Slovenia. IACSC 2018 - IACLPM 2018 joint conference proceedings. 
Davis, J., Edgar, T., Porter, J., Bernaden, J., & Sarli, M. (2012). Smart manufacturing, manufacturing intelligence and 
demand-dynamic performance. Computers & Chemical Engineering, 47, 145-156. 
Davis, J., Edgar, T., Graybill, R., Korambath, P., Schott, B., Swink, D., ... & Wetzel, J. (2015). Smart 
manufacturing. Annual review of chemical and biomolecular engineering, 6, 141-160. 
Dyerson, R., Spinelli, R., & Harindranath, G. (2016). Revisiting IT readiness: An approach for Small firms. Industrial 
Management & Data Systems, 116(3):546-563. 
European Commission (2003). Retrieved in April 2018 from http://ec.europa.eu/growth/smes/business-friendly-
environment/sme-definition_en  
European Commission (2006). Retrieved in October 2018 from 
http://ec.europa.eu/regional_policy/sources/conferences/state aid/sme/smedefinitionguide_en.pdf  
Esmaeilian, B., Behdad, S., & Wang, B. (2016). The evolution and future of manufacturing: A review. Journal of 
Manufacturing Systems, 39, 79-100. 
Fernandez, A., Insfran, E., & Abrahão, S. (2011). Usability evaluation methods for the web: A systematic mapping 
study. Information and software Technology, 53(8), 789-817. 
Ganzarain, J., & Errasti, N. (2016). Three stage maturity model in SME’s toward Industry 4.0. Journal of Industrial 
Engineering and Management, 9(5):1119-1128. 




Geissbauer, R., Vedso, J., & Schrauf, S. (2016). Industry 4.0: Building the digital enterprise: 2016 Global Industry 
4.0 survey. PricewaterhouseCoopers, Munich. Retrieved April 2018 from 
https://www.pwc.com/gx/en/industries/industries-4.0/landing-page/industry-4.0-building-your-digital-enterprise-
april-2016.pdf 
Gershwin, S. B. (2018). The future of manufacturing systems engineering. International Journal of Production 
Research, 56(1-2), 224-237. 
Ghobakhloo, M. (2018). The future of manufacturing industry: A strategic roadmap toward Industry 4.0. Journal of 
Manufacturing Technology Management, 29(6), 910-936. 
Gökalp, E., Şener, U., & Eren, P. E. (2017). Development of an assessment model for Industry 4.0: Industry 4.0-MM. 
In International Conference on Software Process Improvement and Capability Determination (pp. 128-142). 
Springer, Cham. 
Grant, M. J., & Booth, A. (2009). A typology of reviews: an analysis of 14 review types and associated 
methodologies. Health Information & Libraries Journal, 26(2), 91-108. 
Harispe, S., Ranwez, S., Janaqi, S., & Montmain, J. (2015). Semantic similarity from natural language and ontology 
analysis. Synthesis Lectures on Human Language Technologies, 8(1), 1-254. 
Julien, P. A., & Ramangalahy, C. (2003). Competitive strategy and performance of exporting SMEs: An empirical 
investigation of the impact of their export information search and competencies. Entrepreneurship Theory and 
Practice, 27(3), 227-245. 
Jung, K., Morris, K. C., Lyons, K. W., Leong, S., & Cho, H. (2015). Mapping strategic goals and operational 
performance metrics for smart manufacturing systems. Procedia Computer Science, 44, 184-193. 
Jung, K., Kulvatunyou, B., Choi, S., & Brundage, M.P. (2016). An overview of a smart manufacturing system 
readiness assessment. IFIP International Conference on Advances in Production Management Systems, pp. 705-712, 
Cham, Switzerland: Springer. 
Kang, H. S., Lee, J. Y., Choi, S., Kim, H., Park, J. H., Son, J. Y., ... & Do Noh, S. (2016). Smart manufacturing: Past 
research, present findings, and future directions. International Journal of Precision Engineering and Manufacturing-
Green Technology, 3(1), 111-128. 
Kannan, S.M., Suri, K., Cadavid, J., Barosan, I., Brand, M.V.D., Alferez, M., & Gerard, S. (2017). Towards Industry 
4.0: Gap analysis between current automotive MES and industry standards using model-based requirement 
engineering. arXiv preprint arXiv:1704.02824. 
Kennedy, J., & Hyland, P. (2003). A comparison of manufacturing technology adoption in SMEs and large companies. 
Proceedings of 16th Annual Conference of Small Enterprise Association of Australia and New Zealand, pp. 1-10, 
Ballarat, City in Victoria, Australia. 
Kumar, M., Khurshid, K.K., & Waddell, D. (2014). Status of Quality Management Practices in Manufacturing SMEs: 
A Comparative Study between Australia and the UK. International Journal of Production Research, 52(21):6482-
6495. 
Kusiak, A. (2017). Smart manufacturing must embrace big data. Nature News, 544(7648), 23. 
Lee, J., Jun, S., Chang, T.W., & Park, J. (2017). A Smartness Assessment Framework for Smart Factories Using 
Analytic Network Process. Sustainability, 9(5):794-808. 
Lichtblau, K., Stich, V., Bertenrath, R., Blum, M., Bleider, M., Millack, A., et al. (2015). IMPULS-Industrie 4.0-





Lindeke, R. R., Wyrick, D. A., & Chen, H. (2009). Creating change and driving innovation in highly automated and 
lean organizations: The Temporal Think Tank™(T3™). Robotics and Computer-Integrated Manufacturing, 25(6), 
879-887. 
Marr, B. (2015). Big Data: Using SMART big data, analytics and metrics to make better decisions and improve 
performance. John Wiley & Sons. 
Martek, A. (1986). La recherche instrumentale sectorielle en sciences de l'administration1. La Production Des 
Connaissances Scientifiques de L'administration, 1, 281. 
Mattessich, R. (2012). Instrumental reasoning and systems methodology: an epistemology of the applied and social 
sciences (Vol. 15). Springer Science & Business Media. 
Mellor, S., Hao, L., & Zhang, D. (2014). Additive manufacturing: A framework for implementation. International 
Journal of Production Economics, 149, 194-201. 
Mettler, T. (2011). Maturity assessment models: a design science research approach. International Journal of Society 
Systems Science (IJSSS), 3(1/2), 81-98. 
Mittal, S., Khan, M. A., Romero, D., & Wuest, T. (2017). Smart manufacturing: Characteristics, technologies and 
enabling factors. Proceedings of the Institution of Mechanical Engineers, Part B: Journal of Engineering 
Manufacture, 0954405417736547. 
Mittal, S., Khan, M. A., Romero, D., & Wuest, T. (2018a). A critical review of smart manufacturing & Industry 4.0 
maturity models: Implications for small and medium-sized enterprises (SMEs). Journal of manufacturing systems, 49, 
194-214. 
Mittal, S., Romero, D., & Wuest, T. (2018b, August). Towards a smart manufacturing maturity model for SMEs (SM 
3 E). In IFIP International Conference on Advances in Production Management Systems (pp. 155-163). Springer, 
Cham. 
Mittal, S., Khan, M. A., Romero, D., & Wuest, T. (2019). Building Blocks for adopting Smart Manufacturing. In SME 
North American Research Conference. Procedia Manufacturing Vol. 34 (pp. 978-985).  
Moreira, N., de Santa-Eulalia, L. A., Aït-Kadi, D., Wood–Harper, T., & Wang, Y. (2015). A conceptual framework 
to develop green textiles in the aeronautic completion industry: a case study in a large manufacturing 
company. Journal of Cleaner Production, 105, 371-388. 
Müller, J.M., & Voigt, K.I. (2017). Industry 4.0‐Integration Strategies for Small and Medium‐Sized Enterprises. In 
International Association for Management of Technology (IAMOT), pp. 1-15, Vienna, Austria. 
Odedairo, B. O., & Bell, D. (2010). Framework for introducing and implementing value methods: a novel toolkit for 
small and medium scale industries in developing nations. International Journal of Basic & Applied Sciences 
IJBAS, 9(10), 130-146.  
Offodile, O. F., & Abdel-Malek, L. L. (2002). The virtual manufacturing paradigm: The impact of IT/IS outsourcing 
on manufacturing strategy. International Journal of Production Economics, 75(1-2), 147-159. 
Qin, J., Liu, Y., & Grosvenor, R. (2016). A Categorical Framework of Manufacturing for Industry 4.0 and 
Beyond. Procedia CIRP, 52, 173-178. 
Rockwell Automation (2014). The connected enterprise maturity model. Rockwell Automation. Retrieved April 2018 
from http://literature.rockwellautomation.com/idc/groups/literature/documents/wp/cie-wp002_-en-p.pdf 
Saucedo-Martínez, J. A., Pérez-Lara, M., Marmolejo-Saucedo, J. A., Salais-Fierro, T. E., & Vasant, P. (2017). 




Schuh, G., Anderl, R., Gausemeier, J., Hompel, M., & Wahlster, W. (2017). Industrie 4.0 maturity index. Retrieved 
April 2018 from 
http://www.acatech.de/fileadmin/user_upload/Baumstruktur_nach_Website/Acatech/root/de/Publikationen/Projektb
erichte/acatech_STUDIE_Maturity_Index_eng_WEB.pdf  
Schumacher, A., Erol, S., & Sihn, W. (2016). a maturity model for assessing Industry 4.0 readiness and maturity of 
manufacturing enterprises. Procedia CIRP, 52, 161-166. 
Scremin, L., Armellini, F., Brun, A., Solar-Pelletier, L., & Beaudry, C. (2018). towards a framework for assessing the 
maturity of manufacturing companies in Industry 4.0 adoption. In Analyzing the Impacts of Industry 4.0 in Modern 
Business Environments (pp. 224-254). IGI Global. 
Senge, P. M. (1991). The fifth discipline, the art and practice of the learning organization. Performance+ 
Instruction, 30(5), 37-37. 
Skinner, W. (1984). Operations technology: Blind spot in strategic management. Interfaces, 14(1), 116-125. 
Strozzi, F., Colicchia, C., Creazza, A., & Noè, C. (2017). Literature review on the ‘Smart Factory’ concept using 
bibliometric tools. International Journal of Production Research, 55(22), 6572-6591. 
Storey, M. A. (2005, May). Theories, methods and tools in program comprehension: Past, present and future. 
In Program Comprehension, 2005. IWPC 2005. Proceedings. 13th International Workshop on (pp. 181-191). IEEE. 
Syafrudin, M., Fitriyani, N., Alfian, G., & Rhee, J. (2019). An affordable fast early warning system for edge computing 
in assembly line. Applied Sciences, 9(1), 84. 
Tao, F., Qi, Q., Liu, A., & Kusiak, A. (2018). Data-driven smart manufacturing. Journal of Manufacturing 
Systems, 48, 157-169.  
Terziovski, M. (2010). Innovation Practice and its Performance Implications in small and medium enterprises (SMEs) 
in the manufacturing sector: A resource‐based view. Strategic Management Journal, 31(8):892-902. 
Trotta, D., & Garengo, P. (2018, March). Industry 4.0 key research topics: A bibliometric review. In Industrial 
Technology and Management (ICITM), 2018 7th International Conference on (pp. 113-117). IEEE. 
Thoben, K. D., Wiesner, S., & Wuest, T. (2017). “Industrie 4.0” and smart manufacturing-a review of research issues 
and application examples. International Journal of Automation Technology, 11(1), 4-16.  
Vasudevan, H., & Chawan, A. (2014). Demystifying Knowledge Management in Indian manufacturing 
SMEs. Procedia Engineering, 97, 1724-1734. 
Wang, J., Ma, Y., Zhang, L., Gao, R. X., & Wu, D. (2018). Deep learning for smart manufacturing: Methods and 
applications. Journal of Manufacturing Systems, 48, 144-156.  
Wang, M. L., Qu, T., Zhong, R. Y., Dai, Q. Y., Zhang, X. W., & He, J. B. (2012). A radio frequency identification-
enabled real-time manufacturing execution system for one-of-a-kind production manufacturing: a case study in mould 
industry. International Journal of Computer Integrated Manufacturing, 25(1), 20-34. 
Weyer, S., Schmitt, M., Ohmer, M., & Gorecky, D. (2015). Towards Industry 4.0: Standardization as the crucial 
challenge for highly modular, multi-vendor production systems. IFAC-PapersOnLine, 48(3):579-584. 
White, G. (2009). Strategic, tactical, & operational management security model. Journal of Computer Information 
Systems, 49(3), 71-75. 
Wuest, T., & Thoben, K. D. (2011, September). Information management for manufacturing SMEs. In IFIP 




Wuest, T., Schmid, P., Lego, B., & Bowen, E. (2018). Overview of smart manufacturing in West Virginia. Bureau of 
Business & Economic Research, West Virginia University. 
Xu, L. D., Xu, E. L., & Li, L. (2018). Industry 4.0: state of the art and future trends. International Journal of 
Production Research, 56(8), 2941-2962.  
Yin, R. K. (2003). Case study research design and methods third edition. Applied social research methods series, 5, 
Thousand Oaks, Sage Publications, Inc. 
Zhong, R. Y., Xu, C., Chen, C., & Huang, G. Q. (2017). Big data analytics for physical internet-based intelligent 
manufacturing shop floors. International journal of production research, 55(9), 2610-2621. 
Zhong, R. Y. (2018, March). Analysis of RFID datasets for smart manufacturing shop floors. In 2018 IEEE 15th 



















Mittal, S., Khan, M. A., & Wuest, T. (2016, July). Smart manufacturing: characteristics and technologies. In IFIP 
International Conference on Product Lifecycle Management (pp. 539-548). Springer, Cham. 
 
 
2016 Springer Nature. Print rights of the final author’s accepted manuscript. 
 
Smart Manufacturing: Characteristics and 
Technologies 
Sameer Mittal1, Muztoba Ahmad Khan1, Jim Davis2 and Thorsten Wuest1 
 
1Department of Industrial and Management Systems Engineering, West Virginia University, 
Morgantown, West Virginia, USA 
{samittal, mdkhan}@mix.wvu.edu; thwuest@mail.wvu.edu 
2Institute for Digital Research and Education, Office of Information Technology, University 
of California, Los Angeles, California, USA 
jdavis@oit.ucla.edu 
Abstract. The purpose of this paper is to collect and structure the various features 
of Smart Manufacturing (SM). Researchers have previously identified various 
characteristics and technologies of Smart Manufacturing System (SMS); this 
paper collects, discusses and merges some of those characteristics and 
technologies available in the current body of knowledge. In the future, it is 
expected that this selection of characteristics and technologies will help to 
compare and distinguish other initiatives like Industry 4.0, smart factory, 
intelligent manufacturing, distributive manufacturing, etc. which are frequently 
used synonymous with SM. The result of this paper is a comprehensive list of 
characteristics and technologies that are associated with a SMS. As many of the 
listed items show variating overlaps, certain technologies and characteristics are 
merged and clustered. This results in a set of five defining characteristics and ten 
technologies that are considered relevant for a SMS. The authors hope to provide 
a basis for a broad and interdisciplinary discussion within the SM community 
about the defining technologies and characteristics of a SMS. 
Keywords: Smart Manufacturing, Characteristics and Technologies, Industry 
4.0, Smart Factory, Intelligent Manufacturing. 
1   Introduction 
Smart Manufacturing (SM) has significant gained momentum in industry and 
academia in recent years. SM is set of practices that use networked data and information 
technology [1], [2] to architect the future manufacturing systems. Many manufacturing 
systems are presenting themselves as Smart Manufacturing Systems (SMS). However, 
there is still a lack of commonly accepted understanding what defines a manufacturing 
system as being ‘smart’. 
What aspects make a manufacturing system smart? Literature suggests to consider 
these aspects in the form of characteristics and technologies. Only two papers were 
found relevant to the list of characteristics and technologies associated with smart 
manufacturing when we used “Smart Manufacturing” as the search term in the 
 
 
electronic journals of Taylor and Francis, Science Direct, Wiley, Emerald and Springer. 
We did the same at Google and Google Scholar, and found only one relevant journal 
paper and few grey papers published by NIST (National Institute of Standards and 
Technology) and SMLC (Smart Manufacturing Leadership Coalition). In this study, we 
focused on characteristics and technologies of only SMS; and kept characteristics and 
technologies associated with Industry 4.0, smart factory and other such manufacturing 
initiatives out of our focus. The reason is, that this allows us to create a comprehensive 
list of SM-specific characteristics and technologies, which later may be compared to 
the aforementioned other concepts to analyze the similarities and differences among 
them. 
This paper starts with the literature review of a comprehensive list of various 
characteristics and technologies that are associated with SMS. Later on, it discusses the 
individual characteristics and technologies and suggests a clustering based on their 
definition. Finally it concludes by presenting a more compact list of characteristics and 
technologies that are associated with SM as a basis for further discussion within the SM 
community. 
2   Literature Review 
Various researchers have identified different characteristics and technologies 
associated with SMS. Some of these characteristics and technologies have been 
specifically mentioned as such and the authors identified others by thoroughly going 
through the content. Depending on the application of SM, it may need a different set of 
characteristics and technologies. Therefore, the question arises if a SMS has to 
incorporate all of the identified characteristics and technologies simultaneously or if it 
is enough to define a manufacturing system as smart when only a certain selection is 
employed. 
A characteristic is a property that is peculiar to something and can be varied to make 
elements look similar or different for example modularity, heterogeneity, flexibility, 
etc. Technology on the other hand is the use of science for practical purposes for 
example data analytics, 3-D printing, etc. Technology are also the identifiable parts of 
a larger construction that can provide a particular function or a group of related 
functions. This paper presents a discussion on various SM related characteristics and 
technologies that have been defined in the following section. 
Table 1 presents a list of 19 characteristics identified in literature defining a SMS. 
The last column ‘Cluster’ in Table 1 will be elaborated in the discussion section. In 
Table 1 the characteristics have been shown in italic font and the technologies have 
been represented in bold font to make the paper more communicative to the readers. 
Table 1.  List of characteristics associated with a Smart Manufacturing System. 
Sl. No. Characteristic Reference(s) Cluster 
1 Digital Presence [3], [4] Context Awareness 
2 Modularity [4] Modularity 
3 Heterogeneity [3], [4] Heterogeneity 
4 Scalability [3], [4] Intelligent Control 
5 Context Awareness [4] Context Awareness 
6 Autonomy [3], [4] Intelligent Control 
7 Adaptability [3] Intelligent Control 
8 Robustness [5] Intelligent Control 
9 Flexibility [6] Intelligent Control 
10 Fully Automated [6] Intelligent Control 
11 Asset Self-awareness [5] Context Awareness 
12 Interoperability [3], [4] Interoperability 
13 Networkability [4] Interoperability 
14 Information Appropriateness [5] Interoperability 
15 Integrability [5] Interoperability 
16 Sustainability [5] 
Energy saving/ Energy 
Efficiency 
17 Compositionality [3] Compositionality 
18 Composability [3] Modularity 
19 Proactivity [5] Intelligent Control 
 
Table 2 presents a list of 19 technologies that are associated with SMS. The last 
column in Table 1 has been framed after the discussion. Similar to the previous Table 
1, certain items can be identified as being rather closely related. This is partly due to 
different authors using different terminology but also the level of detail the authors 
chose to describe relevant subcategories of technologies. This issue will be addressed 
in the following discussion section. As in Table 1, the technology cluster in Table 2 are 
shown in bold. 
Table 2.  List of technologies associated with a Smart Manufacturing system. 
S. No. Technology Reference(s) Cluster 
1 Intelligent [6] Intelligent Control 
2 Intelligent Control [6] Intelligent Control 
3 Energy Saving/ Energy Efficiency [3], [7], [6] 
Energy saving/ 
Energy Efficiency 
4 Cyber Security [7], [5] Cyber Security 
5 Holograms [6], [7] Visual Technology 
6 VR (Virtual Reality) [7] Visual Technology 
7 AR (Augmented Reality) [7] Visual Technology 
8 Real-time Communication [6] 
Cloud 
Manufacturing 
9 Big Data [6] Data Analytics 
10 Cyber-Physical Infrastructure [3], [5], [6] CPS/CPPS 
11 
CPS(Cyber Physical Systems)/ 
CPPS(Cyber Physical Production 
Systems) [6], [7] CPS/CPPS 
12 IoT/ IoS/ IIoT [6], [7] IoT/ IoS 
 
 
13 Advanced Manufacturing [3]   
14 
Cloud Computing /Cloud 
Manufacturing [6], [7] 
Cloud 
Manufacturing 
15 3- D Printing/ Additive Manufacturing [6], [7] 
3- D Printing/ 
Additive 
Manufacturing 
16 Tracking and Tracing [6] Smart Product/ Part 
17 Smart Sensors [6] Smart Product/ Part 
18 Smart Product/ Part [6] Smart Product/ Part 
19 Data Analytics [3], [4] Data Analytics 
 
The items presented in the Table 1 and 2 are derived from various literature sources. 
As mentioned, this leads to some of these items being similar. In the next section, we 
present a perspective on how we may cluster different characteristics and technologies. 
3   Discussion 
The presented characteristics and technologies have been mentioned and described in 
current SM literature. However, the detailed definitions of these characteristics and 
technologies suggest that some of them might be synonyms of each other and some of 
these may be merged to present a more focused result. In the following, the previously 
identified characteristics and technologies (Table 1 & 2) will be critically discussed and 
a clustering is proposed to develop a more comprehensive and targeted list. This is 
depicted in the fourth column in Table 1 and 2, which indicates the suggested clusters 
for each characteristic and technology. In the forthcoming analysis, the following 
format has been chosen for better illustration and transparency: characteristic cluster 
has been given the italics font whereas the technology cluster has been mentioned in 
bold font; similarly, to enhance the readability of the paper we have discussed them 
using the italics and bold fonts respectively. 
3.1 Characteristics Clusters 
Context Awareness: Context awareness is an important characteristic of a SMS [4] [8] 
and it can be seen as a combination of different attributes. Identity- A SMS should have 
a unique identity. As a SMS often operates in a digital environment, we may say that a 
SMS should have its own digital presence [4] and therefore digital presence is inherent 
when we consider context awareness. Location- It is used to describe the physical 
location of the system itself or subsystems within. Status- This is used to describe the 
present state of the activities that are being carried within the SMS. Asset self-
awareness will also mean that the SMS should be able to know about its present state 
[5]. Time: The SMS should be able to define its timely priorities, and it might even 
need to consider the local time.  
 
Modularity: Modularity is the property of a system, by virtue of which a unit can be 
decomposed into components that can be combined to form different configurations 
[4]. Composability is the property of the system when it could be developed from its 
sub-systems [3]. As both of these properties consider a unit being made from sub-units 
and by modularity we can have a different unit arising, therefore composability may be 
considered as a part of modularity.  
 
Heterogeneity:  Heterogeneity considers the diversity and dissimilarities in the units 
and components. However, it does not consider the combination of units and as a result 
it should be considered as a separate characteristic [4].  
 
Compositionality: Compositionality is the property that deals with the understanding of 
the whole system based on the definition of its components and the combination of the 
constituents [3]. As, neither modularity nor heterogeneity deal with the system or 
component definitions compositionality should be considered as a separate 
characteristic. 
 
Interoperability: Interoperability is the characteristic due to which units would be able 
to exchange and share information with each other [4] [3]. With the help of 
networkability, systems are able to collaborate in different process related aspects and 
for this collaboration they have to allow each other to share and exchange their 
information [4]. Therefore, networkability is covered by interoperability. Information 
appropriateness, describes that information is available, accessible and understandable 
when needed; this should be a characteristic of information to be shared otherwise the 
information will be of no use [5]. Integrability is the characteristic due to which 
different units can be integrated, but two units are integrated if they have an access to 
each other’s information and therefore this characteristic is included in interoperability 
[5]. However, integrability is different from modularity because modularity combines 
the systems physically resulting into a new configuration, whereas integrability is 
inclined towards the exchange of information between two systems and therefore it is 
a part of interoperability.  
3.2 Technologies Clusters 
Intelligent Control:  An important characteristic of manufacturing is that the systems 
are very quick to response. Papers referred to this response using different words. 
Scalability is considered as the property by which it can easily handle the fluctuations 
in load [4], by adaptability it can decide about its own diagnosis, prognosis, and the 
best system performance even when it has uncertain information [9], a machine has 
robustness when under uncertain conditions it can perform well [5] and it possesses 
flexibility when it can adapt to changes in the external environment [10]. With the help 
of intelligent technology a system is able to change its action based on its own 
experience [11] and it has intelligent control technology than it can make use of 
artificial intelligence techniques to control its mechanisms [11]. These characteristics 
and technologies converge towards being responsive to changes and may use artificial 
 
 
intelligence techniques for doing so and therefore, they should be considered as a part 
of Intelligent Control. A manufacturing unit possess autonomy if a) it can adapt with 
feedback and pursue its activities to achieve the objective [4] and b) the unit wants the 
feedback mechanism to work it will need the technology of intelligent control therefore 
autonomy should be a part of intelligent control. A system is said to be fully automated 
if it can do its own work completely but the extent of automation may vary from system 
to system. For a system to be fully automated it will also need some intelligent control 
mechanisms and more sophisticated are the control mechanisms the degree of 
automation would increase. Therefore, fully automated should also be covered by 
intelligent control. Proactivity is the characteristic that can help units to eliminate 
failures before they happen by sensing the situation [5]. As, this characteristic considers 
sensing and controlling the mechanism of system, it will need intelligent control 
mechanism and therefore we can consider it as a part of intelligent control. But, 
proactivity senses the present situation that might involve data so this characteristic 
might be involved in the data analytics cluster as well. 
 
Energy saving/ Energy Efficiency: Products and processes are said to possess 
sustainability if they are reusable and they cause minimum environmental footprints 
[5] thus making the products and processes more economical, social and environment 
friendly. Energy saving/ Energy Efficiency is the technology due to which the energy 
required to provide a product and service can be reduced and various studies have been 
done to decrease the use of energy in manufacturing systems [7]. If a system can reuse 
its products then the amount of energy required will decrease and therefore 
sustainability can be arguable seen as part of energy saving. Although, researchers have 
considered energy saving/ energy efficiency on par with the other technologies, it 
should be rather considered as a necessity for any manufacturing system and not only 
SMS. The choice of terminology ‘energy saving’ as a technology was derived from 
literature. 
 
Cyber Security: Data should be secured from cyber threats. As SM is largely based on 
digitization and data based services, cyber security becomes an important technology 
for SMS [8]. Even though this also involves data, it should still be considered separate 
from interoperability because interoperability is about data sharing and availability 
whereas this is about data privacy and security. 
 
Visual Technology: Hologram is the technology that makes use of a 3-D image 
formed by a light field in a three dimensional space [12]; Virtual Reality (VR) is a 
technology that creates 3-D image with the help of a computer and it can be interacted 
with the help of electronic devices and the user can feel as if he has been “immersed in 
a synthesized environment” [13][14]; Augmented Reality (AR) is a technology that 
can superimpose a computer generated 3-D numerical format in the real world, but one 
cannot interact with it [15][16]. Since all these technologies deal with the visual 
representation of an object they may be considered as a part of the visual technology 
cluster [15]. 
 
Data Analytics: Big data is the technology that can analyze large data sets including 
real-time data that is difficult to analyze by traditional methods; data analytics deal 
with turning the volume, variety, velocity and veracity of data into actions and insights 
in a manufacturing system [3] [16]. As data analytics can deal with a very high volume 
of data so big data can be placed under it and it can even deal with a high velocity of 
data therefore it can communicate in real-time with the customers.  
 
Cyber Physical Infrastructure: Cyber-physical System (CPS)/ Cyber-Physical 
Production Systems (CPPS) are the same [3] and they are the technology used by 
computer algorithms to solve physical mechanisms [18]; CPPS is an applied form of 
CPS in production [19]. We will consider all these technologies as CPS.  
 
IoT/ IoS: The IoT enables the communication between physical and internet-enabled 
devices [7] and when IoT capabilities are seen as services they are referred as IoS [20]. 
Although both CPS and IoT/IoS consider physical world but the computer algorithms 
may or may not use the internet. There are examples when CPS has been considered as 
a foundation for IoT/IoS [21]. But they might not always help each other so they are 
considered as separate technologies in this case. In this paper we are considering IoT 
as ubiquitous in the global sense and as a combination of national IoT, industrial IoT 
and local IoT [22]. 
 
Advanced Manufacturing: Advanced Manufacturing is the technology that can 
integrate technology based production systems like FMS (Flexible Manufacturing 
System), RMS (Reconfigurable Manufacturing System), CIM (Computer Integrated 
Manufacturing), Additive Manufacturing etc. [23]. Overall, advanced manufacturing 
may be understood as an integration of different production technologies and therefore 
it should not be considered as a technology for Smart Manufacturing. Rather it could 
be an important discussion if various advanced manufacturing systems could be 
referred to as SMS. One possible distinction is that SM are reliable on data analytics 
and the advanced manufacturing is more physical manufacturing-technology focused. 
 
Cloud Manufacturing:  Cloud Manufacturing is driven by cloud computing [16] 
that can, e.g., use real-time demand to decide the production planning and scheduling. 
Data analytics may be considered as a part of cloud manufacturing, but as the 
applications of data analytics are so diverse that we should not consider it to be a part 
of cloud manufacturing. Real-time communication is the technology that would 
enable the users to exchange data with the systems in real-time. As it involves exchange 
of information between system and humans therefore it is not a part of interoperability. 
 
3-D Printing/ Additive Manufacturing: 3-D Printing/ Additive Manufacturing is 
the technology that can print a 3-D image into an object with the help of laser beam, 
electron beam etc., as the objects are printed layer by layer therefore this technology is 
also referred as additive manufacturing [8]. Additive Manufacturing is often referred 
to as being part of the Advanced Manufacturing domain [23].  
 
Smart Products/ Parts: Tracking and tracing is the technology due to which one can 
find the past and present locations of unique objects as information carrying identities 
[24]. But we need some (sensing) technology which can help to monitor tracking and 
tracing, and these sensors are referred as smart sensors; when the smart sensors, have 
 
 
processors and software for an efficient exchange of data they are called as smart 
products/ parts. IT has not been considered as a separate technology as almost all other 
technologies need inputs from it. It may be argued that tracking and tracing is to be 
considered as a characteristic or a technology, but as it has been finally kept under a 
technology group and it has been considered as a technology [6]. Tracking and tracing 
could also be considered as Tracking and tracing in Real-time but in this paper Real-
time communication is considered as a separate technology placed under Cloud 
Manufacturing and therefore it is rather referred as Tracking and tracing. 
 
From our discussion we can observe that there are many characteristic act as the 
building block for a technology and therefore we have less number of characteristics 
and more number of technologies.  It can also be seen that the cluster intelligent 
control consists of six characteristics namely scalability, adaptability, flexibility, 
autonomy, fully automated, proactivity and 2 technologies intelligent and intelligent 
control; making it the biggest cluster. It has also been discussed that why some of the 
technologies like data analytics and cloud manufacturing that have many common 
elements are being considered as separate? 
 
Commercial implementation of SM for 4 different kind of industries has also been 
presented in the literature [1]. NIST has also presented some of the characteristics and 
technologies discussed in this paper and considered as standards. The list of aggregated 
characteristics and technology clusters presented in this paper is expanding on the basic 
ones presented in [25]. A landscape consisting of standards has also been suggested for 
reaching the goal of SM [25]. The standards are presented in terms of the three lifecycle 
dimensions: product, production system and business. Later, the standards that are 
present today and the one that are required in the future for establishing an SM are 
analyzed. These characteristics and definitions are from a small set of research and 
there might be some others which were not reviewed and in future we plan to consider 
a more comprehensive list.  
4   Conclusion 
This paper identified, discussed and clustered characteristics and technologies that 
define a Smart Manufacturing System (SMS). Overall, it was found that there are five 
characteristics, namely context awareness, modularity, heterogeneity, interoperability 
and compositionality, and ten technologies, namely intelligent control, energy saving/ 
energy efficiency, cyber security, CPS/CPPS, visual technology, IoT/IoS, cloud 
computing/ cloud manufacturing, 3-D printing/ additive manufacturing, smart product/ 
part and data analytics, that are required in a SMS. These characteristics and 
technologies can also be used to classify a manufacturing system as smart. With the 
help of this list of characteristics and technologies we can classify if the initiatives like 
Industry 4.0, and manufacturing systems like smart factory, intelligent manufacturing, 
distributive manufacturing, etc. are similar, and if by what degree, to smart 
manufacturing. In this paper, we can also observe that there is a smaller number of 
clustered characteristics compared to the number of clustered technologies. One 
possible explanation for this is, that technologies needed some characteristics as their 
inputs and it would have been redundant to consider such characteristics separately, for 
example the characteristics scalability, flexibility, adaptability, robustness, autonomy, 
fully automated and proactivity were clustered in the technology intelligent control. 
However, for the same reason we do not have technology/technologies clustering into 
a characteristic. It was also discussed why advanced manufacturing is a manufacturing 
system itself and should not be considered as a part of technologies. 
The resultant list is to be understood as a first step in defining a comprehensive list of 
commonly agreed upon SM characteristics and technologies. The authors encourage 
industry and academic SM professionals to provide feedback in order to develop this 
list further. This can lead to a further expansion or reduction of the list. A similar 
development is expected if new SM literature will be published in the future containing 
additional characteristics and technologies. 
A limitation of this paper is that, while extracting the characteristics and technologies 
from literature sources where they were not directly mentioned and classified as such, 
the subjective perspective of authors plays a part in the decision of choosing either 
technology or characteristic as the defining element. The clusters made here were made 
by the knowledge and perspective of the authors. Some of the characteristics and 
technologies were listed in the literature but there definitions were not provided and 
therefore these characteristics and technologies were defined from other papers and 
author’s knowledge. The authors tried to increase the transparency of the clustering by 
explaining the reasoning of the decisions. However, this paper is understood as a first 
step towards a commonly accepted list of defining characteristics and technologies for 
Smart Manufacturing. Readers are actively encouraged to provide feedback and 
challenge the selection. 
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Abstract
The purpose of this article is to collect and structure the various characteristics, technologies and enabling factors avail-
able in the current body of knowledge that are associated with smart manufacturing. Eventually, it is expected that this
selection of characteristics, technologies and enabling factors will help compare and distinguish other initiatives such as
Industry 4.0, cyber-physical production systems, smart factory, intelligent manufacturing and advanced manufacturing,
which are frequently used synonymously with smart manufacturing. The result of this article is a comprehensive list of
such characteristics, technologies and enabling factors that are regularly associated with smart manufacturing. This article
also considers principles of ‘‘semantic similarity’’ to establish the basis for a future smart manufacturing ontology, since it
was found that many of the listed items show varying overlaps; therefore, certain characteristics and technologies are
merged and/or clustered. This results in a set of five defining characteristics, 11 technologies and three enabling factors
that are considered relevant for the smart manufacturing scope. This article then evaluates the derived structure by
matching the characteristics and technology clusters of smart manufacturing with the design principles of Industry 4.0
and cyber-physical systems. The authors aim to provide a solid basis to start a broad and interdisciplinary discussion
within the research and industrial community about the defining characteristics, technologies and enabling factors of
smart manufacturing.
Keywords
Smart manufacturing, Industrie 4.0, Industry 4.0, cyber-physical systems, smart factory, intelligent manufacturing, indus-
trial Internet, advanced manufacturing, digital manufacturing
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Introduction
Smart manufacturing (SM), a term originated in the
United States but increasingly used globally, has gained
significant momentum in industry and academia in
recent years. Many manufacturing systems are present-
ing themselves as SM systems (SMSs). SM is a set of
manufacturing practices that use networked data
and information and communication technologies
(ICTs) for governing manufacturing operations.1 ICTs
deal with planning and control of production.2
Traditionally, manufacturing was limited to a process
or a sequence of processes through which raw material
is converted into finished goods. However, the common
understanding of manufacturing comprises much more.
Manufacturing today considers the data-driven busi-
ness operation at different levels leading to the growth
of various paradigms in manufacturing, of which
emerged SM.3 Future SMS will possess unique proper-
ties of self-assembly to produce complex and
customized products to exploit the new and existing
markets.4 SM uses information to continuously main-
tain and improve performance.5 Several frameworks
have been proposed in the SM realm. One of them is
an accuracy assured framework, based on four factors,
namely, physics conscious, operations planning, intelli-
gent monitoring and on-machine shape measurement
and error source estimation for an SMS.6 Additionally,
the President’s Council of Advisors on Science and
Technology (PCAST) has mentioned in its report that
the share of gross domestic product (GDP) by
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manufacturing has been decreasing recently, and
advancement in science, technology and innovation will
help the United States become a global leader in manu-
facturing.7 However, despite the rapidly growing body
of literature, applications and use of the term smart
manufacturing in academia and industry, there is still a
lack of commonly accepted understanding about what
defines a manufacturing system as being ‘‘smart.’’ SM
and other systems such as intelligent manufacturing,
advanced manufacturing/advanced manufacturing sys-
tems,1,7,8 additive manufacturing,9 digital manufactur-
ing,10 smart factory11 and Industry 4.012 are actually
being used synonymously on occasion by some
authors.
The overarching question remains, ‘‘What aspects
make a manufacturing system smart?’’ The literature
on SM has suggested various characteristics, technolo-
gies and enabling factors that define a manufacturing
system as ‘‘smart.’’ This article investigates the sug-
gested characteristics, technologies and enabling factors
through a literature review and tries to form clusters
for the homogeneous items. This work collects a com-
prehensive list for each of the items based on a litera-
ture review of 83 articles that use the specific term
‘‘smart manufacturing.’’
Research methodology
The schematic of the research methodology used in this
article has been shown in Figure 1. First, the electronic
journals of Taylor and Francis (T&F), Science Direct
(SD), Wiley, Emerald, SAGE and Springer, and addi-
tionally Google Scholar (GS) and Google, were
searched with the keyword ‘‘smart manufacturing.’’ In
the second step, the title and abstracts of the articles
found from step 1 were read for the initial screening. It
was also made sure that these articles/reports are in
English only. The literature available in other language
was not considered. In the third step, all the articles
found from initial screening were thoroughly reviewed
to find their relevancy with SM. After this step there
were 67 articles and 16 reports that were found relevant.
Finally, the list of characteristics, technologies and
enabling factors was prepared with the help of relevant
literature. In this study, we focused on characteristics,
technologies and enabling factors specifically associated
with SM and kept characteristics, technologies and
enabling factors associated with similar terms, for
example, Industry 4.0, smart factory, advanced manu-
facturing, cyber-physical production system (CPPS)
and other similar manufacturing initiatives out of our
focus. The reason for this rather strict system boundary
is that it allows us to create a comprehensive list of SM-
specific characteristics, technologies and enabling fac-
tors, which later may be compared to the aforemen-
tioned concepts. This comparison will help analyze the
similarities and differences among them and determine
whether they are indeed synonymous with SM or
whether there are certain distinct differences. This arti-
cle is structured as follows: first, a literature review of
current indexed scientific articles containing the term
‘‘smart manufacturing’’ is presented along with a com-
prehensive list of SM-associated characteristics, tech-
nologies and enabling factors. The characteristics,
technologies and the enabling factors are classified
based on how they are defined in the reference article
and how the authors interpret them.
Interestingly, more than 95% of these articles and
reports were published in and after 2013. This might be
an indication of the novelty of SM (compared to more
established terms such as ‘‘intelligent manufacturing’’
or ‘‘Industry 4.0’’) and shows how fast its popularity in
academia and industry has increased within recent
years. There are several gray papers and reports pub-
lished by federal agencies, for example, National
Institute of Standards and Technology (NIST) and
other institutions, for example, the Smart
Manufacturing Leadership Coalition (SMLC) leading
the newly established Clean Energy Smart
Manufacturing Innovation Institute (CESMII). This
gray literature was used mainly as motivation for this
research and to define the system borders.
The following section defines and sensibly clusters
the individual characteristics, technologies and enabling
factors. The authors’ clustering was based on the use of
established ontologies in relation to SM vocabulary
(e.g. glossaries) and the consideration of the semantic
Figure 1. Schematic for methodology adopted in this article.
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distance between the terms being classified. Semantic
similarity in this context is understood as
a metric defined over a set of documents or terms, where
the idea of distance between them is based on the likeliness
of their meaning or semantic content as opposed to simi-
larity which can be estimated regarding their syntactical
representation (e.g. the string format).13
Finally, a condensed list of characteristics, technologies
and enabling factors associated with SM is presented as
a basis for further discussion within the SM commu-
nity. In a first attempt to compare the identified SM
identifiers with other popular manufacturing initiatives,
it is discussed how they compare to established design
principles of (1) Industry 4.0 and (2) cyber-physical sys-
tems (CPSs). The various manifestations associated
with these principles are also stated. The article con-
cludes by providing a brief overview of the results and
a discussion of the limitations of the study.
Literature review
Researchers have previously identified a variety of char-
acteristics, technologies and enabling factors associated
with SM. Some of these characteristics, technologies
and enabling factors have been specifically mentioned
as such. However, this is not always the case, and thus,
the authors identified additional items that can be asso-
ciated with these categories by thoroughly going
through the relevant material. SMLC has suggested
some SM platforms considering integration of different
technologies in the system,1,14 From the facility level,
SM is the vertical and horizontal integration of manu-
facturing systems.15 Therefore, an SMS should be
aware of the state of its predecessor machines, successor
machines and the machines running in parallel. A
computational-based learning system that incorporates
interconnected data, integrated automation and intelli-
gent information has also been used in literature16 to
create an SMS. Nevertheless, in this case, the SMSs’
scope is limited to computation. A strategic model for
SM considering agility as the goal and a model that can
be adapted to other goals has been presented by
NIST.17 Agility, asset utilization and sustainability were
considered as the metrics for the classification of
SMS.18 Similarly, there are other characteristics and
technologies that have been used to define SM. Four
steps toward SM have also been mentioned:19 (1) estab-
lish forums where problem definitions can be discussed,
(2) develop cyber-platforms, (3) data sharing and (4)
introduce SM-friendly policies. However, there is no
research that presents a comprehensive list of character-
istics, technologies and enabling factors that make a
manufacturing system ‘‘smart.’’ The set of characteris-
tics, technologies and enabling factors, which are
required in an SMS, will differ. For example, a smart
pharmaceutical system focused on improving drugs and
other medicines may not require visual technologies
such as augmented reality (AR). However, another
healthcare system that, for example, develops artificial
limbs may profit from using this technology. Therefore,
this answers the question, whether an SMS has to incor-
porate all the identified characteristics, technologies
and enabling factors simultaneously or whether it is suf-
ficient to define a manufacturing system as smart when
only a certain selection is used. The degree of SM
engagement often varies significantly between SMEs
and large corporations. Generally, it can be observed
that only few SMEs, while often having partly auto-
mated processes installed, have an IT-based production
management system in place. However, a majority of
the large, multinational corporations already incorpo-
rate IT systems for real-time communication among
other things. Of all companies, only a handful of high-
tech organizations such as Tesla, LG, Samsung and
Siemens already have a customized production based
on Internet of Things (IoT) CPS in use.20
To create a common basis for the following discus-
sion, the terminology will be reviewed. A characteristic
may be defined as a property that is particular to some-
thing and can be varied to make elements look similar
or different. Examples for characteristics are modular-
ity, heterogeneity and flexibility. Technology, however,
is the use of science for practical purposes. This
includes but is not limited to data analytics and three-
dimensional (3D) printing. Technologies are also the
identifiable parts of a larger construction that can pro-
vide a particular function or a group of related func-
tions. Enabling factors are the standards and
managerial practices that need to be maintained. For
the successful implementation of characteristics and
technologies in SM, this includes, for example, laws
and regulations, innovative education and training of
employees. This article presents a discussion on various
SM-related characteristics, technologies and enabling
factors that are essential for the installation and opera-
tion of an SMS. Table 1 presents a list of 27 character-
istics identified in literature defining SM (or an SMS).
The items will be analyzed for clustering in the next
section.
Table 2 presents a list of 38 technologies that are
associated with SM. Some of these technologies can be
merged and clustered together as certain items are
rather closely related. This is motivated by two main
reasons. First, different authors may use different ter-
minology, as no established ontologies exist in the field
of SM. Second, the level of detail that authors decided
to use in their respective publications to describe rele-
vant subcategories of technologies differs significantly
as well. The clustering of closely related items based on
their ‘‘semantic similarity’’13 is addressed in the follow-
ing section.
In addition to the various characteristics and tech-
nologies, there are a set of enabling factors, which facil-
itate the successful implementation of characteristics
and technologies in SM.3 These may also be referred to
as guidelines that an organization has to maintain to
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adopt SM characteristics and technologies. Table 3 pre-
sents a list of seven enabling factors that may be associ-
ated with SM. It has to be considered that this selection
is solely based on the available literature and (a) is most
likely not complete and (b) the different enabling fac-
tors are not necessarily always required in combination.
The items presented in Tables 1–3 are derived from
current literature. As mentioned, this leads to some of
these items being rather similar. In the next section, we
present a perspective on how the different characteris-
tics, technologies and enabling factors can be clustered
to create a consolidated list.
Analysis
The presented characteristics, technologies and
enabling factors have been mentioned and described in
current SM literature. However, the detailed defini-
tions, as discussed in this article, suggest that some of
these characteristics, technologies and enabling factors
are used synonymously and may be merged to present
a more focused result. In the following section, the pre-
viously identified characteristics, technologies and
enabling factors (Tables 1–3) are critically discussed
and a clustering is proposed to develop a more compre-
hensive and targeted list. Clusters will include a set of
similar characteristics or technologies, or a combina-
tion of characteristic and technologies. It is also impor-
tant to understand that the clusters may contain
technologies and characteristics at the same time but
after final review are considered to belong in either a
technology or characteristic cluster. This is due to the
overlaps in terminology and the strong
Table 1. List of characteristics associated with smart
manufacturing.
S. no. Characteristics Reference(s)









10 Fully automated 16,20
11 Asset self-awareness 23,25
12 Interoperability 10,21
13 Networkability 10,16,22,26














Table 2. List of technologies associated with smart
manufacturing.
S. no. Technology Reference(s)
1 Intelligent 16,20,29
2 Intelligent control 6,20
3 Energy saving/efficiency 4,21,15,20,30,31




















16 Smart sensors 20,28
17 Smart product/part 20,36
18 Data analytics/big data
analytics
10,21,37,38,39,28
19 Predictive analytics 37,28
















33 CAM, CAD, CAx 27









VR: virtual reality; AR: augmented reality; CPS: cyber-physical system;
CPPS: cyber-physical production system; IoT: Internet of Things; IoS:
Internet of Services; IIoT: Industrial Internet of Things; 3D: three-
dimensional; GIS: Geographic Information Science; ERP: enterprise
resource planning; RFID: radio-frequency identification; SCM: supply
chain management; MES: manufacturing execution system; PLM: product
lifecycle management; SCOR: Supply Chain Operations Research;
DCOR: Design Chain Operations Reference; MESA: Manufacturing
Enterprise Solutions Association; CAM: computer-aided manufacturing;
CAD: computer-aided design; CAx: computer-aided X; SPC: statistical
process control.
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interdependencies between various items. While this is
not ideal and adds additional complexity, it is a reflec-
tion on the inherit complexity of the topic and the
importance of starting to work toward a common
understanding and terminology. The enabling factor
clusters, dealing with guidelines for organization or
people, cannot have characteristics and technologies,
and similarly characteristics and technologies should
not contain enabling factors.
In the forthcoming analysis, the following format
has been chosen for better illustration and transpar-
ency: characteristics are represented in italics, whereas
technologies are represented in boldface; enabling fac-
tors do not have a different notation. Each cluster is
also illustrated according to a similar visual representa-
tion method used in literature.3 There were some items
that could have been arguably placed in another cluster;
nevertheless, they are placed in a specific cluster because
of the discussion below. For some items, the authors
used their subjective judgment on determining the most
suitable cluster. However, the authors fully acknowl-
edge that one might argue that the respective item(s)
might fit into another cluster as well based on the indi-
vidual background and experience. Therefore, the items
in question are highlighted in the figures with a gray
background in the following illustrations of clusters.
Characteristics clusters
Context awareness. Context awareness is an important
characteristic of an SMS,10,53 and it can be seen as a
combination of the following attributes:
1. Identity: An SMS should have a unique identity.
As an SMS often operates in a digital environment,
we may say that an SMS should have its own digi-
tal presence, thus providing with a unique identifi-
cation in the digital world, for example, a network
interface address.10 Therefore, digital presence is
inherent when we consider context awareness.
2. Location: It is used to describe the physical loca-
tion of the system itself or sub-systems within.
3. Status: This is used to describe the present state of
the activities that are being carried within the SMS.
Asset self-awareness will also mean that the SMS
should be able to know about its present state.23
4. Time: The SMS should be able to define its timely
priorities, and it might even need to consider the
local time. Figure 2 presents the characteristics that
make the context awareness cluster.
Modularity. Modularity is the property of a system by
virtue of which a unit can be decomposed into compo-
nents that can be combined to form different config-
urations.10 Composability is the property of the system
when it could be developed from its sub-systems.21 As
both these properties consider a unit being made from
sub-units and by modularity, we can have a different
unit arising; therefore, composability may be consid-
ered as a part of modularity. Figure 3 visually repre-
sents composability that is included in the modularity
cluster.
Heterogeneity. Heterogeneity considers the diversity and
dissimilarities in the units and components. However, it
does not consider the combination of units such as
modularity, and as a result, it should be considered as
a separate characteristic.10
Compositionality. Compositionality is the property that
deals with the understanding of the whole system based
on the definition of its components and the combina-
tion of the constituents.21 As neither modularity nor
heterogeneity deal with the system or component defi-
nitions, compositionality should be considered as a sep-
arate characteristic.
Interoperability. Interoperability is the characteristic due
to which, system units would be able to exchange and
share information with each other,10,21 With the help
of networkability, systems are able to collaborate in dif-
ferent process-related aspects, and for this collabora-
tion, they have to allow each other to share and
exchange information.10 Similarly, distributed systems
allow the information and data of one system to be
accessed by other systems in the network. Therefore,
Table 3. List of enabling technologies associated with smart
manufacturing.
S. no. Enabling factor Reference(s)
1 Law and regulations 3,49
2 Innovative education and training 3,41
3 STEP AP 242 50,35,42
4 Knowledge workers 4,51
5 CMSD 25
6 MTConnect 37,42,52
7 Enterprise integration 41
CMSD: core manufacturing simulation data.
Figure 2. Visual representation of context awareness cluster
with its corresponding characteristics.
Figure 3. Visual representation of modularity cluster with its
corresponding characteristic.
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networkability and distributed characteristics of sys-
tems are covered by interoperability. Information
appropriateness describes that information is available,
accessible and understandable when needed; this
should be a characteristic of information to be shared,
otherwise the information will be of no
use.23Integrability is the characteristic due to which dif-
ferent units can be integrated, but two units are inte-
grated only if they have an access to each other’s
information. Therefore, this characteristic of integrabil-
ity is included in interoperability.23Decentralized is the
characteristic by virtue of which SM can be operated
by other attached units, and consequently it may be
considered as part of interoperability. However, integr-
ability is different from modularity because modularity
physically combines the systems resulting in a new con-
figuration, whereas integrability is inclined toward the
exchange of information between two systems and
therefore it is a part of interoperability. It is important
to discuss why interoperability and cloud computing/
manufacturing are different. Cloud is like a database
where information can be saved and accessed by all the
systems that are part of this cloud. In contrast, intero-
perability also allows systems to access data and infor-
mation, which has not been shared, for example, in the
cloud. Figure 4 visually represents all the characteristics
present in the interoperability cluster.
Technology clusters
Intelligent control. An important characteristic of manu-
facturing systems is the speed of response to events.
Responsiveness may be considered as the ability of an
SMS to speedily provide the desired products to the
customers.17 Peer-reviewed papers refer to this response
using various terms. Agility is the ability of a system to
respond to external influences; in SMS, this could be
the response to market changes.17Scalability is consid-
ered as the property by which it can easily handle the
fluctuations in load,10 hence the change in response.
Adaptability describes the ability of the system to
decide about its own diagnosis, prognosis and the best
system performance even when it has uncertain infor-
mation.54 A system can be considered to have a high
level of robustness when it can perform well under
uncertain conditions,23 and it possesses flexibility when
it can adapt to changes in the external
environment.55Reliability is the ability to perform activ-
ities as expected, and therefore it also makes the results
predictable.17Accuracy is the ability to provide the
result exactly or very close to the actual result. The def-
initions of all characteristics appear homogeneous and
therefore are placed in the same cluster.
With the help of intelligent technology, a system is
able to change its action based on its own experience,56
and if it possesses intelligent control technology, it can
make use of, for example, artificial intelligence tech-
niques to control its mechanisms56 and is able to be
reliable and accurate. These characteristics and technol-
ogies converge toward being responsive to changes and
may use artificial intelligence techniques for doing so,
and therefore, they should be considered as a part of
intelligent control. A manufacturing unit possesses
autonomy if (a) it can adapt with feedback and pursue
its activities to achieve the objective 10 and (b) the unit
wants the feedback mechanism to work. It will need
the technology of intelligent control; therefore, auton-
omy should be a part of intelligent control. A system is
said to be fully automated if it can do its own work
completely, but the extent of automation may vary
from system to system. For a system to be fully auto-
mated, it will also need some intelligent control
mechanisms. The more sophisticated the control
mechanisms, the higher the degree of automation.
Therefore, this characteristic should also be covered by
intelligent control. Proactivity is the characteristic that
can help units eliminate failures before they happen by
sensing the situation.23 As this characteristic considers
sensing and controlling the mechanisms of the system,
it will need intelligent control mechanism. Therefore,
we can consider it as a part of intelligent control.
However, proactivity senses the present situation that
might involve data, so this characteristic might be
involved in the data analytics cluster as well. Figure 5
shows the different characteristics and technologies
included in the intelligent control cluster. The reason
why machine learning may not be a part of intelligent
Figure 4. Visual representation of interoperability cluster with
its corresponding characteristics.
Figure 5. Visual representation of intelligent control cluster
with its corresponding characteristics and technologies.
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control and might be a part of data analytics has been
discussed in the data analytics section.
Energy saving/efficiency. Products and processes are said
to possess sustainability if they are reusable and cause
minimum environmental footprints,23 thus making the
products and processes more economical, social and
environment-friendly. The importance of energy cost
savings through SM has been discussed frequently, and
energy saving is among the main drivers for SM.15 A
sustainable SM process for extracting olive oil has also
been proposed.57Energy saving/efficiency is the technol-
ogy due to which the energy required to provide a
product and service can be reduced. Various studies
have been done to decrease the use of energy in manu-
facturing systems.30 If a system can reuse its products,
then the amount of energy required will decrease in
most cases. Thus, sustainability can arguably be seen as
part of energy saving. Although researchers have con-
sidered energy saving/efficiency on par with the other
technologies, it may be considered as a necessity for
any manufacturing system and not only SMS. The
choice of terminology ‘‘energy saving’’ as a technology
was derived from literature and as such not altered
based on the employed methodology. Figure 6 presents
the characteristics included in the energy saving/effi-
ciency cluster.
Cyber security. Data should be secured from cyber
threats. As SM is largely based on digitization and
data-based services, cyber security is an integral tech-
nology for SMS.53 Even though this characteristic also
involves data, it should still be considered separate
from interoperability because interoperability is about
data sharing and availability, whereas cyber security is
about data privacy and security.
Visual technology. Hologram is a technology that makes
use of a 3D image formed by a light field in a 3D
space.58 Virtual reality (VR) described the technology
to create 3D images with the help of a computer and
the interaction in that space with the help of electronic
devices for the user to feel as if he or she has been
‘‘immersed in a synthesized environment.’’59,60Augmented
Reality (AR) is a technology that can superimpose a
computer-generated 3D numerical format in the real
world, but one cannot interact with it.61,62 Since all these
technologies encompass the visual representation of an
object, built with the help of electronic devices, they may
be considered as a part of the visual technology cluster.61
Figure 7 shows the various technologies included in
visual technology cluster.
Data analytics. Big data is the technology that can ana-
lyze large data sets including real-time data that are dif-
ficult to analyze by traditional methods. Data analytics
generally deals with turning the volume, variety, velo-
city and veracity of data into actions and insights within
a manufacturing system.21,62 A demonstration showing
use of simulation in data analytics and data visualiza-
tion has also been presented.40 As data analytics can
deal with a very high volume of data, the popular tech-
nology ‘‘big data’’ can be understood as being part of
this technology; since data analytics can also process a
high velocity of data, it can communicate in real-time
with the customers. Machine learning involves the self-
teaching of computer programs based on their experi-
ences and pattern recognition;63 it does not need any
human involvement so it might be included in intelli-
gent control as well. However, we are considering that
it also recognizes patterns when exposed to new data,
and therefore, it should be a part of the data analytics
cluster.
Predictive analytics finds results with finding some
results with the help of measurable variables in the
data, and data mining is the field of exploring large
amounts of data.64 Since predictive analytics also deal
with analysis of data, it is included in data analytics.
Data visualization is the technique of representing data
with the help of graphs and other visual representa-
tions, which can lead to the development of graph pat-
terns to analyze the data.65 It should also be considered
as a part of data analytics rather than the visual tech-
nologies cluster as the latter focuses on technology,
whereas data visualization focuses on the content.
Geographic Information Science (GIS) provides infor-
mation about space and time. This information helps
in data visualization and data analysis.38 It could be
discussed whether GIS should be a part of smart part/
product/material as well because there could be some
sensor attached to the system to store the data.
Modeling is the representation of a real-world sce-
nario by a mathematical expression and/or a simplifica-
tion of the real-world system. Simulation uses a model
to generate data and these data could be analyzed later.
Forecasting deals with the prediction of what could
happen in the future with the help of available data.
Figure 6. Visual representation of energy saving/efficiency
cluster with its corresponding characteristic.
Figure 7. Visual representation of visual technology cluster
with its corresponding technologies.
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Since all three, modeling, simulation and forecasting,
rely on data to make decisions, they are included in the
data analytics cluster. Knowledge decision-making tech-
niques are techniques such as multi-criteria decision-
making (MCDM), mathematical programming
techniques and artificial intelligent techniques66 that
help make decisions. As these techniques also help
make decisions based on data, they should be involved
in data analytics.
Statistical process control (SPC) is a process of con-
trolling quality through advanced statistics. It is being
used in a manufacturing environment for a long time,
but is still valid and widely used today to control and
monitor operations. It uses data and derives sugges-
tions for improvements, and thus should be considered
as being part of data analytics. Statistics has been used
in a variety of manufacturing applications, for exam-
ple, in smart chemical process diagnosis.24 Figure 8 pre-
sents the various technologies that are placed in the
data analytics cluster. Items such as proactivity, track-
ing and tracing and smart materials that are a part of
different clusters but could have been a part of this
cluster are shown with a gray background.
CPS/CPPS. CPSs/CPPSs are often used interchange-
ably21 and describe technologies used by computer
algorithms to solve and work with physical mechan-
isms/components.67CPPS is an applied form of CPS in
production.68 We will consider all these technologies as
CPS. Figure 9 shows the technologies present in the
CPS/CPPS cluster.
IoT/IoS. The IoT enables the communication between
physical and Internet-enabled devices30 and can be used
to improve the existing manufacturing systems. For
example, a scheduling model for a hybrid workshop
facilitated by IoT has also been proposed.69 There are
many varieties used commonly, for example, when IoT
capabilities are seen as services, they are referred as
Internet of Services (IoS).70 Although both CPS and
IoT/IoS consider physical and virtual world, a major
difference is that the computer algorithms may or may
not use the Internet. There are examples when CPSs
have been considered as a foundation for IoT/IoS.71
However, this is not necessarily the case for all applica-
tions; therefore, they are considered as separate tech-
nologies in this case. In this article, we are considering
IoT as ubiquitous in the global sense and as a combina-
tion of national IoT, industrial IoT and local IoT.72
Figure 10 shows that CPS might have been placed in
IoT/IoS cluster.
Advanced manufacturing. Advanced manufacturing is the
technology that can integrate technology-based pro-
duction systems such as flexible manufacturing system
(FMS), reconfigurable manufacturing system (RMS),
computer integrated manufacturing (CAM) and addi-
tive manufacturing.8 Overall, advanced manufacturing
may be defined as integration of different production
technologies, and therefore, it should not be considered
as a technology for SM. Rather it could be an impor-
tant discussion if various advanced manufacturing sys-
tems could be referred to as SMS. One possible
distinction is that SM focuses more on the data aspects
of manufacturing (data analytics), whereas advanced
manufacturing is more focused on physical manufac-
turing technology.
Cloud manufacturing. Cloud manufacturing is driven by
cloud computing62 that can, for example, use real-time
demand to decide the production planning and sche-
duling. Data analytics may be considered as a part of
cloud manufacturing, but as the applications of data
analytics are so diverse, we should not consider it to be
a part of cloud manufacturing. Real-time communica-
tion is the technology that would enable the users to
exchange data with the systems in real-time. As it
involves exchange of information between system and
humans, it is not a part of interoperability. Figure 11
shows various technologies in the cloud-manufacturing
cluster. Cloud manufacturing has also been considered
to be supported by IoT, VR and cloud computing,73
but again since IoT and VR can stand as independent
technologies, this article considers them as different
technologies.
Figure 8. Visual representation of data analytics cluster with
its corresponding characteristics and technologies.
Figure 9. Visual representation of CPS/CPPS cluster with its
corresponding technology.
Figure 10. Visual representation of IoT/IoS cluster with its
corresponding technology.
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3D printing/additive manufacturing. 3D printing/additive
manufacturing is the technology that can print a 3D
image into an object with the help of laser beam, elec-
tron beam and so on; and as the objects are printed
layer by layer, this technology is also referred to as
additive manufacturing.53Additive manufacturing is
often referred to as being part of the advanced manufac-
turing domain.8
Smart products/parts/materials. Reusability is the property
of products/parts/materials by which they can be
recycled or used again in the system. It can be discussed
whether reusability should be a part of energy saving/
efficiency or smart products/parts/materials. If one
considers the recycling part, then reusability can be
included in energy saving; but if it is considered as a
characteristic of a material that can change its config-
uration to be reused in the same form or other, then it
is a smart material. In this article, we consider it as
characteristic of smart material. Resilience is the ability
by which a product/part/material would be able to
retain its original form. Resilience can be placed in the
intelligent control cluster because a part may require
intelligent control to return in its original form.
Nevertheless, it could be an inbuilt characteristic of
smart materials as well.
Tracking and tracing is the technology by which one
can find the past and present locations of unique
objects as information-carrying identities.74
Nevertheless, we need some (sensing) technology,
which can help monitor tracking and tracing, and these
sensors are referred to as smart sensors. Advanced tem-
perature sensors and smart sensors have been used in
production of hydrogen from methane.75 Other appli-
cations include the use of anti-metallic radio-frequency
identification (RFID) in manufacturing environments;8
printed circuit boards76 have also been demonstrated.
When the smart sensors have processors and software
for an efficient exchange of data, they are called as
smart products/parts.77 Use of RFID for tracking
work-in-progress in shop floor has also been shown.78
Tracking and tracing may also be used to provide data
regarding location; and if that data are used for analy-
sis, then it could be considered as a part of the data
analytics cluster as well. Tracking and tracing could
also be replaced by tracking and tracing in real time, as
we can track the location of objects in the real time.
However, in this article, real-time communication is
considered as a separate technology and it has been
placed under the umbrella of cloud manufacturing.
Smart materials can sense the change in environment
and operations with the help of sensors and can take
the corrective actions using actuators,79 and they can
also provide data for analysis as well, which may lead
to improved part design.80 Since smart materials require
the use of sensors and actuators, they should be consid-
ered to be in the same cluster. Smart materials may also
have the ability to change their structure as a response
to external stimuli. A review of smart materials such as
piezoelectric devices and shape memory alloys and their
uses in industry has also been conducted.81 Therefore,
the containing cluster is named smart products/parts/
materials. Figure 12 shows various characteristics and
technologies that are a part of this smart products/
parts/materials’ cluster.
IT-based production management. Enterprise resource plan-
ning (ERP) is the information system that helps inte-
grate and coordinate different parts of a business, such
as marketing, inventory and human resources.82 Supply
chain management (SCM) is the flow of information,
material and finance from one member to another.83
Manufacturing execution systems (MESs) are IT-
enabled systems that manage all changes happening to
the product from raw material to finished good.84
Product lifecycle management (PLM) is about effec-
tively managing a product through its entire lifecycle.85
Operations planning is the planning of all activities
of an organization to achieve the final objective. It
seems that life of a product, when coordinated by an
IT system, could be considered as MES, while MES,
ERP, SCM and operations planning could be seen as
tools to connect everything happening within the orga-
nization through the help of IT. For this reason, we
include these technologies in the cluster IT-based pro-
duction management. Computer-aided design (CAD),
computer-aided manufacturing (CAM), computer-
aided technology (CAx) and so on are tools that allow
to design, analyze and facilitate the design and produc-
tion.86 Therefore, these CAx tools are included in the
IT-based production management cluster as well.
Figure 11. Visual representation of cloud manufacturing
cluster with its corresponding technologies.
Figure 12. Visual representation of smart products/parts/
materials’ cluster with its corresponding characteristics and
technologies.
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Interfaces and high-level frameworks such as Supply
Chain Operations Research (SCOR),87 Design Chain
Operations Reference (DCOR),88 Manufacturing
Enterprise Solutions Association (MESA) and ISA 95/8889
consider the various levels of business processes and
provide a computer-based package support. These
should also be considered within the IT-based produc-
tion management cluster. Figure 13 presents various
technologies cumulated within the cluster IT-based pro-
duction management. Digital manufacturing is the inte-
gration of technologies such as CAD, CAM, VR, ERP
and modeling and simulation;90 however, this article
discusses why they could be clustered in different
groups of technologies.
Enabling factors
Characteristics and technologies are not the only plat-
form required for SM. There are also standards and
aspects of organization culture to be considered for a
successful transformation toward SM. NIST has also
presented some of the characteristics and technologies
discussed in this article and considered them as stan-
dards.91 However, this article has considered character-
istics, technologies and enabling factors (similar to
standards referred to by NIST) as different groups and
has tried to merge the ones that overlap. In the follow-
ing section, selected standards and aspects of organiza-
tional culture associated with SM in literature, referred
to as enabling factors, are discussed.
Law and regulations. There are various laws and regula-
tions such as environmental laws,92,93 intellectual prop-
erty rights and labor law that an organization has to
follow depending on the nature of its work. These laws
should be strictly followed for continued operation of
an organization.
Innovative education and training. Education should help
an individual to not only do their own work but also
think about how the product or service he or she is
working for can be improved for the benefit of the end
user. This knowledge and innovation mindset can only
be instilled in the workers with the help of proper train-
ing and entrepreneurial culture. Therefore, knowledge
workers should be a part of innovative education and
training. For example, a case study presents the impor-
tance of people and their training in SM at Alcoa.51
Figure 14 shows the cluster for innovative education
and training.
Data sharing systems and standards. International
Organization for Standardization (ISO) has defined
STEP AP 242 and other STEP modules as universally
standardized information models that can be used to
exchange data and designs on common computer for-
mats by various organizations.50 Similarly, core manu-
facturing simulation data (CMSD) can share
simulation data.25 Enterprise integration also facilitates
data sharing between small and medium enterprises
(SMEs) and original equipment manufacturers
(OEMs). A web-based visualization tool for energy
management, following ISO 50001, has also been pro-
posed.94 All these organizations such as STEP AP 242
and CMSD are working to provide a common plat-
form for exchange of information, and therefore, they
might be considered as the standards for different data
sharing systems and thus could be clustered in data
sharing systems and their standards. The selected sys-
tems are some of the examples, as there are other sys-
tems available and in use with SMSs. The selection of
these specific examples is again based on the identified
reference in literature.
Interoperability is different from data sharing sys-
tems and their standards because interoperability is the
characteristic to share data and access a system in the
network, whereas data sharing systems and their
standards would provide the license to do so. This is a
standard platform set by the manufacturing industry to
receive information from numerically controlled
machines that could later be used for data
analytics. Figure 15 shows the cluster of data sharing
systems.
Discussion
From our analysis in section ‘‘Analysis,’’ we can
observe that some of the identified characteristics act as
building blocks of a technology, but the definition of
technologies does not allow them to merge in a charac-
teristic cluster. However, both technology and charac-
teristic could be a part of another technology cluster.
As a result, we have a lower number of characteristic
Figure 13. Visual representation of IT-based production
management cluster with its corresponding characteristics and
technologies.
Figure 14. Visual representation of innovative education and
training with its corresponding enabling factor.
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clusters and a higher number of technology clusters. It
can also be seen that the intelligent control cluster con-
sists of 12 characteristics, namely, scalability, adaptabil-
ity, flexibility, autonomy, fully automated, proactivity,
robustness, reliability, agility, responsiveness, accuracy
and two technologies intelligent and intelligent control,
thus making it the biggest cluster. Table 4 presents a
comprehensive overview of the names and numbers of
characteristics and technologies in each cluster.
However, while Table 4 presents the clusters for charac-
teristics and technologies, it does not include enabling
factors. The main reason for this omission is that the
Table 4. Clusters mentioning the names and numbers of characteristics and technologies.





Compositionality Compositionality 1 1
Context awareness Digital presence, context
awareness, asset, self-awareness
3 3



















Cyber security Cyber security 1 1
Data analytics Big data, data analytics/big data
analytics, predictive analytics,






Energy saving/efficiency Sustainability Energy saving/efficiency 1 1 2





Intelligent, intelligent control 11 2 13
IoT/IoS IoT/IoS/IIoT 1 1
IT-based production
management
ERP, SCM, MES, PLM, interface
(SCOR, DCOR, MESA, ISA 95/




Smart product/part/material Reusability, resilience Smart sensors, smart product/
part, RFID, smart materials,
tracking and tracing
2 5 7
Visual technology Holograms, VR, AR 3 3
3D: three-dimensional; CPS: cyber-physical systems; CPPS: cyber-physical production system; GIS: Geographic Information Science; IoT: Internet of
Things; IoS: Internet of Services; IIoT: Industrial Internet of Things; ERP: enterprise resource planning; SCM: supply chain management; MES:
manufacturing execution system; PLM: product lifecycle management; SCOR: Supply Chain Operations Research; DCOR: Design Chain Operations
Reference; MESA: Manufacturing Enterprise Solutions Association; CAM: computer-aided manufacturing; CAD: computer-aided design; CAx:
computer-aided X; RFID: radio-frequency identification; VR: virtual reality; AR: augmented reality.
Figure 15. Visual representation of data sharing systems and
their standards with corresponding enabling factors.
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enabling factors are more of a foundational aspect and
that just a few of the identified articles actually referred
to them. When the body of literature on SM expands in
the future as expected, it might be possible to include
enabling factors in a joint clustering similar to what has
been done for technologies and characteristics in this
article. Figure 16 shows the various characteristics,
technologies and enabling factors that build an SMS. It
has also been discussed why some technologies, such as
data analytics and cloud manufacturing, although hav-
ing many common elements, are being considered
separately.
From our discussion, we derived a comprehensive
list of 27 characteristics and 38 technologies associated
with SM in current literature. We propose that such
characteristics become the aspiring ‘‘qualities of being’’
(QoBs) or smart features that current and future manu-
facturing systems should pursue in order to acquire a
certain degree of smartness toward becoming an
advanced ‘‘smart’’ manufacturing system. QoBs aim to
act as the ‘‘smart features’’ that are necessary for con-
sidering a manufacturing system ‘‘smart’’ (see Table 5).
Technologies will change, as they evolve with time, but
the smart features will remain the same. Hence, only
the characteristics have been defined and mentioned in
Table 5.
For example, a CPS-based architecture that uses
PLCs and makes decisions for energy management95
should be based on technology clusters such as CPS,
smart product/part/material, data analytics and energy
saving/efficiency. Another example of how VR and AR
can lead to sustainability, better training and knowl-
edge is presented in Blümel.96 This example case
includes the clusters visual technology, energy saving/
efficiency for the technology cluster and innovative
education and training as the enabling factor cluster.
Such key characteristics and technologies are aimed,
on one hand, to act as the capabilities to enable SM to
comply with the six design principles of Industry 4.0
scenarios.97 These principles being (1) interoperability
as the ability of SMSs and technologies (e.g. machines,
devices, sensors, systems and people) to connect and
communicate with each other in the IoT, Services and
People (IoTSP) (also known as the Internet of
Everything (IoE)); (2) virtualization or information
transparency as the ability of manufacturing informa-
tion systems to create a digital/virtual copies of things
in the physical world, which are created by linking sen-
sor data with virtual models and simulation models; (3)
decentralization as the ability of SMSs and technologies
to make decisions on their own and to perform their
tasks as autonomous as possible, including exceptions,
interferences and/or conflicting goals’ handling; (4)
real-time capability as the ability to collect and analyze
data and immediately provide the derived insights; (5)
service orientation as the offering of services via the IoS
and (6) modularity as the flexible adaptation of manu-
facturing systems (cf FMSs) to the changing require-
ments by replacing or expanding individual modules.
Altogether, these key characteristics and technologies
guide the design and engineering of SMSs that are
Industry 4.0–enabled. Table 6 presents the SM charac-
teristics and technologies associated with the Industry
4.0 design principles;97 various manifestations corre-
sponding to them are also mentioned.
However, the identified SM key characteristics and
technologies should also be related to the 6Cs charac-
teristics of CPSs and big data analytics97 as core
enabling technologies associated with the smartness
attribute of manufacturing systems, including (1) con-
nectivity with sensors and networks (e.g. IoT/IoS/
IIoT), (2) cloud computing and data on-demand (e.g.
cloud manufacturing), (3) cyber model and memory
(e.g. CPSs), (4) content/context meaning and correla-
tion (e.g. analytics), (5) community sharing and colla-
boration (e.g. intelligent control) and (6) customization
through personalization and value (e.g. IT-based pro-
duction management). In this way, SM will be enabled
to provide useful insights to the shop-floor manage-
ment to utilize data and information to increase
the flexibility of manufacturing processes and respond
rapidly to changes in demand at low cost to the SM
enterprise. Table 7 presents the SM characteristics
and technologies associated with the 6Cs characteristics
of CPSs and big data analytics;98 the various
manifestations corresponding to them are also
mentioned.
Conclusion and limitations
This article identified, discussed and clustered charac-
teristics, technologies and enabling factors that might
be used to define SM and SMSs and thus provide a
foundation for a future comprehensive SM ontology.
Overall, it was determined that there are five character-
istics, namely, context awareness, modularity,
Figure 16. Visual representation of all characteristics and
technologies that can define an SM.
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heterogeneity, interoperability and compositionality; 11
technologies, namely, intelligent control, energy saving/
efficiency, cyber security, CPS/CPPS, visual technol-
ogy, IoT/IoS, cloud computing/cloud manufacturing,
3D printing/additive manufacturing, smart product/
part/materials, data analytics and IT-based production
management; as well as three enabling factors, namely,
law and regulations, innovative education and training
and data sharing systems, that are required in SM.
These characteristics, technologies and enabling factors
might also be used to classify a manufacturing system
as smart. Additionally, these characteristics and tech-
nologies were matched with the design principles of
Industry 4.097 and the key characteristics of CPSs and
Table 5. Smart features for manufacturing system.
Sl no. Qualities of being Smart features
1 Digital presence Being able to create digital or cyber-physical models of parts or the complete manufacturing
system to develop a simulation environment for advanced planning, decision support and
validation capability, before any action is implemented physically.
2 Modularity Being able to create ‘‘economies of scale’’ within the manufacturing system.
3 Heterogeneity Being able to create ‘‘economies of scope’’ within the manufacturing system.
4 Scalability Being able to adjust (e.g. increase) production capacity through the manufacturing system
reconfiguration with minimal cost and in minimal time.
5 Context awareness Being able to automatically and in real-time collect manufacturing system data via a network of
sensors (e.g. IoT), and subsequently conduct real-time processing (event or data-driven) to
provide the proper information to the right people or system and the right time.
6 Autonomy Being able to support (autonomous) reasoning, planning and decision-making via hardware,
software, sensors and communication technology to increase a manufacturing system’s
productivity and flexibility.
7 Adaptability Being able to manage unforeseen events during production as a manufacturing system.
Adaptability may include flexibility and robustness features’ capabilities.
8 Robustness Being able to cope with problems during production as a manufacturing. Robustness can be
achieved through redundancy.
9 Flexibility Being able to produce different products on the same manufacturing system.
10 Fully automated Being able to fully control by means of a computer system parts or the complete manufacturing
system.
11 Asset self-awareness Being able to sense a phenomenon or event within itself (the asset), such as its location, condition
or availability within the manufacturing system.
12 Interoperability Being able to allow communication through interfaces between the components/sub-systems of a
manufacturing system, allowing it to work with or use parts of another components/sub-systems.
13 Networkability Being able to allow information exchange and communication between the components/sub-
systems of a manufacturing system.
14 Information
appropriateness
Being able to acquire information from one or more sources within the manufacturing system
components and sub-systems, store it and assure its quality, accessibility and understandability, as
well as its provisioning to the right people or system and the right time.
15 Integrability Being able to bring together different component sub-systems (e.g. machine tools, robots,
computer systems, humans) of a manufacturing system into one integrated system and ensuring
that all the sub-systems function together as a coordinated whole.
16 Sustainability Being able to conduct all manufacturing processes and system operations with minimum
environmental footprint (e.g. resource efficiency).
17 Compositionality Being able to provide recombinant components within a manufacturing system that can be
selected and assembled in various combinations to satisfy specific production requirements.18 Composability
19 Proactivity Being able to anticipate (predict), by means of continuous situation-awareness capabilities, events
(e.g. problems) in the production or manufacturing system components (e.g. machine tool) and
react ahead of time (e.g. proactive maintenance).
20 Reliability Being able to perform the required manufacturing processes and operations as a ‘‘reliable’’
manufacturing system under stated conditions, to achieve production objectives. Condition
monitoring and defect diagnosis are enablers to improve the reliability of a manufacturing system.
21 Agility Being able to respond to external changes (e.g. market changes) that affect production plans.
22 Responsiveness Being able to provide a ‘‘quick response’’ to changes in production plans.
23 Accuracy Being able to produce with minimal or zero-waste in all manufacturing processes and operations
(e.g. lean manufacturing).
24 Reusability Being able to use existing assets as they are or by modifying them in the manufacturing system in
some form or other to reduce the introduction of new ones.
25 Decentralized Being able to allow the components or sub-systems of a manufacturing system to operate on local
information to accomplish global production goals.
26 Distributed Being able to produce in dispersed manufacturing facilities that are coordinated using information
and communication technology.
27 Resilience Being able to tolerate large perturbations during production and still achieve production goals
(e.g. in terms of product quality, delivery time, production cost).
IoT: Internet of Things.
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Table 6. Design principles for SMS readiness for Industry 4.0 scenarios.
Sl no. Industry 4.0
design principles






























































































































SM: smart manufacturing; IoE: Internet of Everything; M2M: machine-to-machine communication; VR: virtual reality; AR: augmented reality; CPS:
cyber-physical system; CPPS: cyber-physical production system; CAM: computer-aided manufacturing; CAD: computer-aided design; CAx: computer-
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Table 7. The 6Cs for smart manufacturing systems in cyber-physical environments.
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big data analytics.98 It was found that all the identified
characteristics and technologies match with the design
principles of Industry 4.0 and CPS.
In a next step, a very similar approach could be used
to classify other popular initiatives such as smart fac-
tory, intelligent manufacturing and distributive manu-
facturing. Based on this clarification, a mapping of the
different initiatives and a ‘‘degree of similarity’’ might
be derived to identify overlaps and areas where these
initiatives complement each other.
In this article, we can also observe that there are a
smaller number of clustered characteristics compared
to the number of clustered technologies. One possible
explanation for this occurrence is that the technologies
need certain characteristics as input and it would have
been redundant to consider such characteristics sepa-
rately. For example, scalability, flexibility, adaptability,
robustness, autonomy, fully automated and proactivity
were clustered in the technology intelligent control.
However, we do not have technology/technologies clus-
tered into a characteristic as they depend on later.
Furthermore, it was also discussed why advanced man-
ufacturing is a manufacturing system itself and should
not be considered as a part of technologies.
Another finding this article addresses is that some of
the technologies such as GIS, smart materials, tracking
and tracing could be considered as part of both data
analytics and smart parts/products/materials. It is the
application of the technology which determines the
cluster it will belong to. Therefore, the application will
vary with the objective of SM.
The resultant list is to be understood as a first step
in defining a comprehensive list of commonly agreed
upon SM characteristics, technologies and enabling
factors. The authors encourage industry and academic
experts to provide feedback to further develop this list.
This can lead to additional expansion or reduction in
the current list. A similar development is expected if an
increasing amount of new SM literature, including
applications, is published in the future containing
additional or more clearly defined characteristics, tech-
nologies and enabling factors.
There are several limitations in this article, which
need to be mentioned. First, when the identified articles
were thoroughly read to prepare a list of characteris-
tics, technologies and enabling factors, it was found
that many articles mention SM only once in the title
and/or in the keywords. This might lead to the interpre-
tation that the term is strongly associated with positive
goals (e.g. federal funding opportunities, ‘‘hot topic’’)
and authors would incorporate SM in the title to be
more visible. It has to be observed if this changes once
SM is more established and the definition is broadly
disseminated among academics and industry.
Furthermore, while extracting the characteristics,
technologies and enabling factors from literature
sources where they were not directly mentioned and
classified as such, the subjective perspective of the
authors plays a part in the decision of choosing either
technology or characteristic as the defining element.
These characteristics and definitions are from a small
set of research and there might be some others, which
were not reviewed. The clusters in this work are based
on the knowledge, expertise, experience and perspective
of the authors. Some of the characteristics and technol-
ogies were listed in the literature, but definitions were
not explicitly provided. Therefore, these characteristics
and technologies were defined from other articles and
the authors’ knowledge. The authors tried to increase
the transparency of the clustering by explaining the rea-
soning of the decisions. Another limitation of this arti-
cle is that there was only one article covering Industry
4.0 and CPS that was considered by the authors to find
the design principles of Industry 4.0 and characteristics
of CPS. However, this article should be considered as a
first step toward a commonly accepted list of defining
characteristics and technologies for SM that eventually
leads to a comprehensive SM ontology. Readers are
actively encouraged to provide feedback and challenge
the selection.
Table 7. Continued
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88. Zuñiga R, Seifert M and Thoben KD. Study on the appli-
cation of DCOR and SCOR models for the sourcing pro-
cess in the mineral raw material industry supply chain.
In: Kreowski H, Scholz-Reiter B and Thoben KD (eds)
Dynamics in logistics. Berlin; Heidelberg: Springer, 2013,
pp.211–220.
89. Robles T, Alcarria R, Martın D, et al. An IoT based ref-
erence architecture for smart water management pro-
cesses. J Wirel Mob Netw Ubiquit Comput Dependable
Appl 2015; 6: 4–23.
90. Chryssolouris G, Mavrikios D, Papakostas N, et al. Digi-
tal manufacturing: history, perspectives, and outlook.
Proc IMechE, Part B: J Engineering Manufacture 2009;
223: 451–462.
91. Lu Y, Morris KC and Frechette S. Current standards
landscape for smart manufacturing systems. Report no.
8107, 23 February 2016. Gaithersburg, MD: National
Institute of Standards and Technology.
92. Ma R and Ho YS. Comparison of environmental laws
publications in Science Citation Index Expanded and
Social Science Index: a bibliometric analysis. Sciento-
metrics 2016; 1–3.
93. Pavlovic A and Fragassa C. Analysis of flexible barriers
used as safety protection in woodworking. Int J Qual Res
2016; 10: 71–88.
94. Bruton K, O’Donovan P, McGregor A, et al. Design and
development of a software tool to assist ISO 50001 imple-
mentation in the manufacturing sector. Proc IMechE,
Mittal et al. 19
Part B: J Engineering Manufacture. Epub ahead of print
26 December 2016. DOI: 10.1177/0954405416683427.
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Small and medium-sized enterprises
SMEs
SMM
A B S T R A C T
The objective of this paper is to critically review currently available Smart Manufacturing (SM) and Industry 4.0
maturity models, and analyze their fit recognizing the specific requirements of Small and Medium-sized
Enterprises (SMEs). To this end, this paper presents features that are characteristic for SMEs and identify re-
search gaps needed to be addressed to successfully support manufacturing SMEs in their progress towards
Industry 4.0. The results of this study show that only a limited number of the SM and Industry 4.0 roadmaps,
maturity models, frameworks and readiness assessments that are available today reflect the specific require-
ments and challenges of SMEs. The main findings include: (1) the current standard starting “level 1″ (base level)
of most maturity models appears to be disconnected from the real digitization and smart manufacturing maturity
level of many SMEs. Therefore, we propose a “level 0″ specifically designed to reflect the ‘real - base level’ for
SMEs; (2) the transition from this new base level, “level 0″, to the current standard “level 1”, requires significant
effort including a mind-set change; (3) maturity models and readiness assessments can be associated with an SM
toolkit, and (4) SMEs need to develop their own, unique SM or Industry 4.0 vision and roadmap. This study
provides insights that help towards developing a realistic SM (Industry 4.0) maturity model for SMEs that re-
flects their industrial realities more accurately. With the help of SM maturity models that are more customized to
the SME specific requirements, the SMEs’ stakeholders will be able to better define their SM (Industry 4.0) vision,
roadmap, and strategic projects. It will ultimately lower the entry barrier and reduce the risk of the transition
process towards SM and Industry 4.0 and support the critical change in culture. Summarizing, we identified
manufacturing SMEs’ specific requirements, conducted a literature review of current SM maturity models, and
discussed how these maturity models reflect the SME specific requirements.
1. Introduction
Small and Medium-sized Enterprises (SMEs) are the driving force of
many manufacturing economies [1]. As the backbone of the manu-
facturing industry, SMEs’ impact on the Fourth Industrial Revolution is
significant. SMEs often face different challenges and barriers than larger
companies (from now on, Multi-National Enterprises – MNEs) [2,3]. A
recent 2017 study conducted with manufacturing SMEs in West Vir-
ginia, USA, confirmed the struggle for SMEs to adopt Smart Manu-
facturing [4]. According to our literature review, only a few studies
specifically focus on supporting SMEs’ evolutionary path and paradigm-
shift towards “Smart Manufacturing (SM)” or “Industry 4.0”. Some
authors refer to SMEs who successfully managed this transition as ‘SME
4.0’ [5,6].
This paper first looks at SME specific requirements prior to con-
ducting a comprehensive literature review of currently available Smart
Manufacturing assessment, maturity and readiness models (hereinafter
referred to as ‘maturity models’ for easier reading). Then it discusses the
assessment, maturity, and readiness models regarding their ‘fit’ with the
identified SME specific requirements. In the process, it determines and
discusses research gaps and finally proposes a possible avenue to ad-
dress them by creating dedicated maturity models for SMEs.
1.1. SME requirements
This section discusses a set of SME specific requirements that dif-
ferentiate their business from MNEs. To develop such a set of SME
specific requirements, Table 1 defines what constitutes an SME.
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According to the European Commission [7], SMEs may be defined as
the enterprises which employ less than 250 employees and have an
annual turnover not exceeding EUR 50 million, and/or an annual bal-
ance sheet total not exceeding EUR 43 million (see Table 1). This paper
will follow the EC’s definition for the remainder of this research work.
The current literature discusses various opportunities and chal-
lenges faced by SMEs. Wuest & Thoben [2] emphasized the importance
of information management in manufacturing SMEs. Dyerson et al. [8]
performed an empirical analysis of 117 small manufacturing firms in
the UK and clustered them based on their degree of IT readiness.
Kennedy & Hyland [9] analyzed data from 632 SMEs (both OECD and
non-OECD) and concluded that SMEs are not involved when it comes to
the deployment of advanced manufacturing technologies (AMTs). Ter-
ziovski [10] studied 600 Australian manufacturing SMEs and found that
SMEs lack the innovation culture and strategy to succeed. Kumar et al.
[11] compared the various quality management practices in the UK and
Australian manufacturing SMEs and found that leadership, fact-based
decision-making, networking with government bodies and academic
institutions, as well as an ISO 9000 certification are critical success
factors for SMEs. Vasudevan & Chawan [12] conducted interviews with
CEOs, managers, and manufacturing consultants to find the importance
of knowledge management in Indian manufacturing SMEs. The authors
[12] concluded that global awareness on manufacturing, frequent em-
ployee interaction, attending workshops or conferences outside India,
as well as industry-academia interaction are essential activities that
foster knowledge creation. Müller & Voigst [13] deployed the design
interaction strategies for the introduction of Industry 4.0 in German
SMEs and interviewed 68 experts including 41 CEOs in firms dealing in
(1) mechanical and plant engineering, (2) electrical engineering and (3)
automotive suppliers, and concluded that standardization, personnel
resources, financial resources, and a belief on digitization are unique
constraints for SMEs.
Table 2 presents specific SME features (Column 3). Additionally, it
reports on the general peculiarity of the features in MNEs (Column 4)
emphasizing the differences between the perspective of the small and
large enterprises. It has to be noted that the illustrated differences are
generalized. There might be instances where an SME is actually far
more advanced in their SM adoptions compared to individual MNEs,
e.g., SMEs operating in industries such as aerospace or defense. How-
ever, the surveyed literature as well as data collected in a recent study
[4] support our generalization. The general features (Column 2) are
derived from the literature [2,8–13] and are based on case studies
performed with SMEs in different countries. These studies considered
the various viewpoints that are relevant to manufacturing enterprises.
The similar SME requirements, were grouped and finally eight clusters
(finance, technical resource availability, product specialization, stan-
dards, organizational culture, employee participation, alliances and
collaboration) were formed for a more fluent discussion.
One very important feature of an enterprise is the availability of
financial resources. All businesses rely heavily on the access to in-
vestments and the return on investment. SMEs are often owned by an
individual and several risk factors are involved with the small-scale
businesses. For example, lack of collaterals, the informational asym-
metries between small businesses and investors, etc [14]. are some of
the reasons for capital constrains that SMEs face as compared to the
MNEs [15]. Overall, it can be concluded that SMEs are financially
constrained.
Technology is another prominent feature in the context of SM and
Industry 4.0. Adoption of AMTs can improve various strategic domains
of manufacturing such as quality, HR policies, etc. [16]. However, a
financially constrained SME cannot easily upgrade and adopt AMTs,
nor they have the technical resources readily available. As a result,
SMEs do not perform well when it comes to research and development.
Also, when compared with the MNEs the SMEs lack in the IT integra-
tion, and therefore, the software (incl. data analytics tools) used to
maintain the SME records are tailored towards resolving the specific
issues faced by SMEs.
Due to the limited technical and financial resources, SME’s research
and development domains are not very advanced, but their hard work
leads to highly specialized products that can differentiate SMEs from
their competitors [17]. The lack of awareness and resources compared
to MNEs make the survival of SMEs difficult [18]. MNEs strictly obey
standards such as ISO; however, the presence of these standards in
SMEs is rare. It is partly due to the resources required to prepare and
pass the certifications [19]. Therefore, SMEs need to consider the in-
dustrial standards. Study [20] conducted in electrical engineering and
machinery micro firms in Germany showed that SMEs are interested in
accessing the knowledge gained by MNEs, but they think that stan-
dardization may disclose their essential information to the competitors.
The organization behavior is also a critical aspect of an enterprise.
The organizational structure in SMEs is less complicated and informal
compared to MNEs. The organizational culture is often not suffi-
ciently flexible to experiment and consider implementation initiatives
for cutting-edge technologies [21]; therefore, SMEs are not able to in-
vest comparably in market research and analysis. Consequently, there
may be times when SME’s decisions are not as informed [22] and are
mostly based on a ‘gut feeling’ of the manager/decision-maker. Gut
feeling always involves high levels of uncertainty, and therefore the
Table 1







Small < 50 € 10 million € 10 million
Medium < 250 € 50 million € 43 million
Table 2
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managers/decision-makers in SMEs may not be confident in their de-
cisions. In contrast, decisions in MNEs are based on market research
and accurate analyses that are discussed by a board of advisors/con-
sultants [23].
The opportunities and exposure that are received by employees in
SMEs and MNEs are also very different. For example, the employees at
SMEs are more likely to be ‘Jack of all Trades’ [24] and less likely to
develop high levels of expertise [25] in a particular field as they have
day-to-day responsibilities in a variety of areas. Employees of MNEs, on
the other hand, are more likely to be highly specialized and thus con-
sidered experts in specific areas such as automation technology, and
they are aware of the state-of-the-art in their field. SME employees are
also more likely to lack the exposure to mentors, workshops, supervised
industrial training, etc. [26]. Therefore, there is a lack of employee
participation in SMEs.
SMEs may also have a deficit in (national/international) cross-dis-
ciplinary networking opportunities. As a result, they are not able to
update themselves with the on-going, cutting-edge research and have
alliances with universities and research institutes.
The collaboration strategies are also crucial to the success of an
organization. However, when it comes to SMEs, they lack alliances with
universities and other research institutions. They might be limited to
learn from their own experience due to lack of access to shared
knowledge. The knowledge and wisdom of SMEs are often focused in a
specific domain, whereas in the case of MNEs it is spread across dif-
ferent areas. Thus, SMEs outsource many essential activities. SMEs
generally have fewer products to manage, and their collaborative net-
work is not that strong, therefore, they have a particular number of
suppliers/vendors [27] and consequently have an extreme dependence
on them. MNEs, on the other hand, usually have a vast number of op-
tion for suppliers/vendors, and as a result, their reliance on a particular
supplier/vendor is comparatively less. Table 2 presents a summary of
the above discussion.
Table 3 mentions the SME features, cluster corresponding to each
feature and the SME perspective on the features. From the above dis-
cussion it can be concluded that among all the clusters (finance, tech-
nical resource availability, specialized products, standards, organiza-
tional culture, employee participation, alliances, and collaboration),
SMEs are already doing well when it comes to producing the specialized
products. Therefore, in the current manuscript the overall number of
features (17 in total) that can be used to record differences between
SMEs and MNEs will be treated as SME specific requirements (16 in
total) to assess the SM maturity models. The feature ‘specialized pro-
ducts (SP)’ was excluded from the requirements list as SMEs are more
likely to produced specialized products and thus confirm with the In-
dustry 4.0 notion of batch-size 1.
1.2. Smart manufacturing/Industry 4.0 in SMEs
Modern manufacturing is inherently complex [28]. Current litera-
ture presents several studies focusing on how manufacturing SMEs
cope, and in many cases struggle with this complexity. Nieuwenhuize
[29] analyzed six different Dutch SMEs from the following sectors: (a)
sheet metal production, (b) rail-road manufacturing, (c) machine
packaging, (d) profile and tube cutting, (e) steel processing, and (f)
copper separation, to identify their strategic orientation towards a shift
to “smart manufacturing”. Based on an SME’s level of intention and
adoption of SM technologies and practices, Nieuwenhuize [29] cate-
gorized SMEs into three segment profiles: (1) dormant, (2) captives and
(3) adopters.
SMEs often lack the resources to look at new avenues outside of
their core competencies. In most cases, they are not “early adopters,”
mainly because of the fear of investing in the wrong technologies or
adopting inapt practices. However, SMEs have to learn fast about the
emerging technologies and digital practices to compete [30] with the
MNEs who have already begin their SM journey. Veza et al. [31] used a
nine-question survey format, based on a scale from 1 to 4, to evaluate
the Industry 4.0 Maturity Level of Croatian Enterprises under the pro-
ject INSENT (an acronym for Croatian Model of Innovative Smart En-
terprise). According to the survey results, the present level of Industry
4.0 Maturity of Croatian Enterprises is “2.15”, implying that the
Croatian Enterprises have still not started to deploy the Industry 4.0
technologies. Presently, they are in the second generation of in-
dustrialization using electrically powered mass production systems
[32]. The survey [31] included 159 companies, among which 69% were
SMEs.
Only two studies mentioned above [29] and [31], were identified
during the literature review to have at least a partial focus on SMEs’
specific needs. This lack of SME based studies towards SM/Industry 4.0
indicates a research gap within the current scientific body of knowl-
edge. While there are plenty and well-developed studies available on
holistic models, including organizational, business, and technological
aspects, most are only marginally supporting SMEs towards adopting
SM and Industry 4.0. Most of the available academic and consulting
studies focus on MNEs and treat SMEs similarly in their evolutionary
path towards SM or Industry 4.0. However, given SMEs’ distinct dif-
ferences and requirements, this can be considered challenging. Fur-
thermore, the literature review shows that SMEs are often overwhelmed
with decisions (i.e., strategic and operational) about what, why, when,
where, who and how they can incorporate the different SM or Industry
4.0 technologies [33,34] into their manufacturing and/or service
business and operational models. Table 4 depicts a snapshot of five
selected SM technologies. It has to be noted that this does not constitute
Table 3
SME requirements and clusters.
# Features Cluster SME Perspective on Features
1 Financial resources Finance (FN) Require Financial Resources
2 Use of Advanced Manufacturing Technologies (AMTs) Technical Resource Availability (TR) Require Advanced Manufacturing Technologies (AMTs)
3 Software Umbrella (incl. Data Analytics) Technical Resource Availability (TR) Require Advanced Manufacturing Technologies (AMTs)
4 Research & development Technical Resource Availability (TR) Require Advanced Manufacturing Technologies (AMTs)
5 Nature of Product Specialization Product Specialization (SP) Product Specialization Available
6 Standards consideration Standards (ST) Require Industrial Standards
7 Organization culture/ Leadership flexibility Organizational culture (OC) Require Organizational Culture
8 Company Strategy Organizational Culture (OC) Require Organizational Culture
9 Decision Making Organizational Culture (OC) Require Organizational Culture
10 Organizational Structure Organizational Culture (OC) Require Organizational Culture
11 Human Resources Engagement Employee Participation (EP) Require Employee Participation
12 Exposure to Human Resource Development Employee Participation (EP) Require Employee Participation
13 Knowledge and Experience Industry Employee Participation (EP) Require Employee Participation
14 Alliances with Universities/ Research Institutions Alliances (AL) Require Alliances with Universities/ Research Institutions
15 Important Activities Collaboration (CL) Require Collaboration
16 Dependence on Collaborative Network Collaboration (CL) Require Collaboration
17 Customer/supplier Relations Collaboration (CL) Require Collaboration
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a comprehensive list, but technologies that are commonly used in the
SM context. Readers interested in a comprehensive overview of SM
related technologies are referred to [33]. Maier & Student [35] sum-
marize this predicament very well by stating: “SMEs know that some-
thing has to be done, but they don’t know how and where to start” [35].
A report [36] by WirtschaftsWoche magazine presents that two-thirds
of over a thousand surveyed industries in Germany, Austria, and
Switzerland are not aware of the basics regarding Industry 4.0 tech-
nologies and their enabling business and operating models. Many
German SMEs are not yet shifting towards the new Industry 4.0 para-
digm [37,38] and on top of that, many SMEs are also ignoring asso-
ciated trends like digitization (digitalization) and automation [38,39].
The overarching research question of this paper is:
• ‘Are the current Smart Manufacturing maturity models a good fit for
the specific requirements of manufacturing SMEs?’ (RQ1)
Subsequent research questions that we aim to answer are:
• ‘What are the research gaps that prevent current Smart
Manufacturing maturity models from providing the missing SME
specific support?’ (RQ2)
• ‘How can the current Smart Manufacturing maturity models be
adapted to support SMEs’ specific requirements in their evolutionary
path and the paradigm shift towards SM and Industry 4.0?’ (RQ3)
This paper addresses these questions with the help of an in-depth
literature review and a subsequent critical review. As a result, the study
presents a first overview of the opportunities and challenges for SMEs
towards adopting and deploying the technologies and principles of SM
and Industry 4.0 by using maturity models.
Some of the standard terms in the international landscape referring
to Smart Manufacturing Initiatives include “Smart Manufacturing” (pre-
dominantly used in the USA), “Industry 4.0” (predominantly used in
Germany/Europe) and “Smart Factory” (predominantly used in Korea/
Asia/Europe) [52]. In this paper, these terms are considered inter-
changeably despite minor differences in their definitions. These three
terms denote the primary objective of helping industries and their
manufacturing ecosystems in different countries to connect and adopt
novel information and operation technologies, as well as business and
operating models, to enable new revenue streams as well as cost and
efficiency gains. The findings of this literature review indicate that
current reference models and architectures stemming from these SM
initiatives are more suitable, helpful, and readily available for MNEs.
We suspect that this might also be true for the different SM maturity
models that are currently available.
The structure of this paper is as follows. Section 2 illustrates re-
search methodology that involved a literature review and a critical
review following the approach of Grant & Booth [53]. Relevant scien-
tific papers and industry/consulting white papers were identified in
established databases and included in the literature review. Section 3
presents in-depth analysis and critical review of the different maturity
models available in today’s literature that focus on the transition to-
wards SM and Industry 4.0 and also analyzes the fit between specific
requirements of SMEs with the state-of-art maturity models for SM/
Industry 4.0. Section 4 presents the research questions on how to sup-
port SMEs towards the SM/Industry 4.0 paradigm adoption. Section 5
discusses the strategic rationale to promote SMEs’ shift towards value
adding SM business and operating models. Finally, Section 6 concludes
the paper and includes a brief discussion of the limitations of the con-
ducted research as well as future work that might emerge from this
paper’s results.
2. Methodology
To answer the framed research questions (see Section 1.2) we de-
veloped a five-step methodology that will be described in this section.
Fig. 1 presents a schematic overview of the research methodology.
Step 1: Manufacturing SME cases from different countries were
studied, and the essential enterprise features were identified. Then the
viewpoints of both SMEs and MNEs on these features were compared,
and this comparison resulted in the framing of the specific requirements
of manufacturing SMEs.
Step 2: A comprehensive review of the current literature on Smart
Manufacturing and Industry 4.0 maturity models including related
terms such as assessment and readiness models, frameworks and
roadmaps was conducted. The literature review was followed by a
transparent, step-by-step process to identify the relevant literature in
the field. The literature review considered the following keywords
and searched terms: “Smart Manufacturing” (or “Industry 4.0” or
“Smart Factory”) and “Roadmap” (or “Model” or “Framework” or
“Assessment”). Presented below is the full search string used to identify
the relevant literature for this critical review paper:
“Smart Manufacturing” and “Roadmap”; “Smart Manufacturing” and “Model”; “Sm-
art Manufacturing” and “Framework”; “Smart Manufacturing” and “Assessment”;
“Industry 4.0” and “Roadmap”; “Industry 4.0” and “Model”; “Industry 4.0” and
“Framework”; “Industry 4.0” and “Assessment”; “Smart Factory” and “Roadma-
p”; “Smart Factory” and “Model”; “Smart Factory” and “Framework”; “Smart
Factory” and “Assessment”.
These keywords were searched in Google Scholar and Web of
Science databases for relevant literature. After analyzing the titles of all
resulting papers from initial search, in a first iteration, only 40 potential
SME focused papers were identified. However, after critically reading
the identified 40 papers entirely in a second iteration, 15 papers relevant
to this research were determined. The limited number of relevant pa-
pers indicates the novelty of the topic.
This critical review is essential to identify the primary sources that
Table 4
Common Definitions of Selected SM/Indsutry 4.0 Technologies (based on [33]).
# Technology Definition Reference(s)
1 Augmented Reality (AR) and Virtual
Reality (VR)
AR/VR creates an artificial (virtual) environment of the real world using various innovative technologies like
mobile devices, wearables, etc.
[34,40,41,42]
2 Additive Manufacturing Additive manufacturing creates complex parts from the ground up, mostly adding one layer at a time, based on a
3D CAD model.
[43,44]
3 Internet of Things
(IoT)
IoT (also referred to as the Internet of Everything or Industrial Internet of Things) describes the connection and
communication of physical ‘things’ over the internet.
[42,45]
4 (Big) Data Analytics Data sets (or data lakes) are now characterized by their high volume, velocity, and variety nature (3 Vs) plus
veracity and value (5 Vs). Specific technologies with new analytical methods and tools are required to transform
significantly big volumes of data effectively and efficiently into information and knowledge.
[46–49]
5 Cyber-Physical Systems CPS are systems of collaborating computational entities that are in connection with their surrounding physical
world and their on-going processes, providing and using, at the same time, data-accessing and data-processing
services available on the internet.
[50,51]
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cope with the evolution of SMEs towards adopting smart manu-
facturing. Moreover, as “Smart Manufacturing” and “Smart Factory” are
newer terms compared to “Industry 4.0”, there were comparably more
relevant papers related to the “Industry 4.0” keyword. Of the 15
identified relevant sources, nine were academic peer-reviewed papers
and another one was published as a book chapter. However, large
consulting firms published the other five of the 15 papers and therefore
were considered as white papers. The availability of industrial-backed
white papers emphasizes the practical application and relevance of
maturity models to drive Smart Manufacturing. This study is aware that
the five white papers might introduce a certain bias due to the business
interest of the companies publishing them. However, due to the limited
amount of available relevant literature and the insights into industrial
practice, it was decided to consider the white papers.
Step 3: This step involved verifying the fit for the specific require-
ments of manufacturing SMEs (step 1) with the current maturity models
that can help SMEs to adopt SM/Industry 4.0 (step 2). The verification
was performed with the help of a critical discussion of the identified
literature focusing on the fit between the previously defined SME re-
quirements and the maturity models present in the literature. The pri-
mary contribution and novelty of this research lay in this critical dis-
cussion, as the majority of maturity models identified during
comprehensive literature review were developed with MNEs in mind,
e.g., regarding the required resources for SM/Industry 4.0.
Step 4: This step considered evaluating the research gaps that resist
the journey of manufacturing SMEs towards SM/Industry by re-
cognizing how the current maturity models for SM/Industry 4.0 fit the
specific requirements of the manufacturing SMEs.
Step 5: Finally, the research gaps were discussed to suggest adap-
tations in the maturity models that can help manufacturing SMEs in
their shift towards SM/Industry 4.0. If a model acknowledges these
research gaps, then we additionally discussed how that model will
function when it comes to the specific SME requirements.
3. Literature and Critical Review
This section presents a critical discussion of the identified maturity
models and checks each model’s ‘fit’ with the SME requirements. Before
diving into the 15 different maturity models, the previous literature
that compared maturity models in the context of digitization, Industry
4.0 and smart manufacturing maybe worth to discuss. It has to be noted
that the four papers [54–57] that examined maturity models do i) not
cover the topic as comprehensively (include 3, 7, 4 and 7 different
models respectively) as this paper does (includes 15 different models),
and ii) not include the perspective of a manufacturing SME. Never-
theless, these four papers may be of interest to the reader, hence a
summary of them is also presented in this section.
From a series of workshops, De Carolis et al. [54] found that the
maturity of technology, information connectivity, process, organiza-
tion, and personnel capability are the main pillars of smart manu-
facturing. The workshops considered three maturity models and dis-
cussed different aspects regarding the models’ objective(s), focus,
analysis dimensions, process areas, maturity levels, inspiring frame-
works, assessment methods, purpose, survey questions/answers’ type
and the number of questions. The three models compared in this paper
are the DREAMY (Digital REadiness Assessment MaturitY) model [58],
SMSRL (Smart Manufacturing Readiness Level) [59], as well as the
MOM (Manufacturing Operations Management Capability Maturity
Model) [60]. Nevertheless, none of the factors used in the comparison
specifically considered an SME perspective.
Gökalp et al. [55] evaluated seven maturity models using six cri-
teria: (i) Fitness for purpose, (ii) Completeness of aspects, (iii) Granu-
larity of dimensions, (iv) Definition of measurement attributes, (v)
description of assessment method, and (vi) Objectivity of the assess-
ment method. Gökalp et al. [55] found that none of the models were
able to satisfy all criteria. Although [55], considered very comprehen-
sive measures for the evaluation of the models, however, the paper [55]
Fig. 1. Schematic for Methodology adopted in this Paper.
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does not include the ‘fit for SMEs’ in their assessment of the maturity
models.
Akdil et al. [56], compared four maturity models [61–64] in terms
of the maturity/readiness levels and dimensions, and the industry
scope. The comparison performed by [56] did not consider SME re-
quirements as well.
Scremin et al. [57] compared seven maturity models [61–67]. These
models were compared on the basis of seven criteria: (i) What is the
model used for?, (ii) How is the model designed?, (iii) Where do as-
sessment data come from?, (iv) Method of goal benchmarking, (v)
Number of Stages, (vi) Existing stage, and the (vii) Tool supported. The
comparison by [57], i) considered a maturity model [65] purely for IT
and software perspective, ii) recognized two models that were not
written in English [66,67] and iii) did not acknowledged the viewpoint
of SMEs.
Therefore, it may be observed that the existing comparisons do not
help the manufacturing SMEs. As a result, the current paper compared
the stand of maturity models, roadmaps and frameworks, based on how
these models satisfy the specific requirements of manufacturing SMEs.
There is a limited number of studies available that consider SM/
Industry 4.0 roadmaps, maturity models, frameworks and/or readiness
assessments as specifically developed models, methods and/or tools for
SMEs [64]. Although the terms “roadmaps,” “maturity models,” “fra-
meworks” and “readiness assessments” might look similar, they have a
slight difference in their definitions.
• Roadmaps are “plans that match short-term and long-term goals with
specific technology solutions to help to meet those goals” [68].
• Maturity Models are models that help an individual or entity to reach
a more sophisticated maturity level (i.e., ability) in people/culture,
processes/structures and/or objects/technologies following a step-
by-step continuous improvement process [69].
• Frameworks are collections of coherent procedures, methods, and
tools for architecting (i.e., designing and engineering) a system [70].
• Readiness Assessments are evaluation tools to analyze and determine
the level of preparedness of the conditions, attitudes, and resources,
at all levels of a system, needed for achieving its goal(s) [71].
As previously mentioned, the comprehensive literature search in
this study identified fifteen relevant maturity models, which will be
discussed in the form of a critical review. Each of the following sub-
sections (3.1.1-3.1.15) focuses on an individual model, and summarizes
that model with regard to scope and methodology before critically re-
flecting on how the respective model corresponds with the previously
identified SME requirements. It has to be noted, that due to the different
complexity of the different models, their description in the following
sub-sections may vary in length in order to capture all relevant details
of each model reviewed. After discussing the models individually (from
Table 5–15), a summary of the maturity models is presented (Tables 16,
17). Table 16 illustrates how the 15 models reflect various SME re-
quirements. Table 17 gives an overview of the different models con-
cerning the focus area and research gap regarding ‘fit for SMEs.’
3.1. Models towards implementing SM/Industry 4.0
3.1.1. A categorical framework of manufacturing for Industry 4.0 and
beyond
Qin et al. [72] state that the available roadmaps for Industry 4.0 are
not clear, and the journey towards industrial initiatives (such as In-
dustry 4.0) is a long-term commitment that needs to acknowledge four
main viewpoints: (a) factory, (b) business, (c) process and (d) custo-
mers, which the current roadmaps fail to do so. Qin et al. [72] cover
five maturity levels towards the integration of new manufacturing
capabilities: (L1) single-station automated cells, (L2) automated as-
sembly system, (L3) flexible manufacturing system, (L4) computer-
integrated manufacturing (CIM) system, and (L5) reconfigurable man-
ufacturing system.
Fig. 2 presents a manufacturing system and its different maturity
levels. Grey arrows represent the current maturity of a manufacturing
system, while the white arrows represent specific capability gaps to-
wards a “smart” manufacturing system. Qin et al. [72] propose to ad-
dress such capability gaps by adopting and implementing Industry 4.0
technologies, as well as digital and smart automation practices.
According to their study [72], the companies can create building
blocks to achieve integrated SM systems. Building blocks are the fun-
damental modular units (i.e., technologies and best practices) that can
be grouped to build a coherent (smart) system. The framework con-
siders ‘intelligence’ and ‘automation’ at three different capability levels
[72]. Automation capabilities are reflected at the (a) machine, (b) process
and (c) factory levels; and Intelligence capabilities are reflected at (x)
control, (y) integration and (z) intelligence levels. A shop floor with
automation capabilities at ‘c) factory level’ and intelligence capabilities
at ‘z) intelligence level’ was referred to as “Industry 4.0 ready”.
All the manufacturing systems (L1 to L5), and characteristics (such
as flexibility, standardization, customization) discussed by [72] fall
under the umbrella of AMTs. However, as mentioned in Section 1.1, the
AMTs cannot be presumed to be readily available in SMEs. As a result,
this roadmap paper caters more towards the needs of MNEs rather than
SMEs.
3.1.2. maturity model for assessing Industry 4.0 readiness and maturity of
manufacturing enterprises
Schumacher et al. [64] suggest a maturity index that can be used to
Table 5




1 Strategy • Implementing Industry 4.0 roadmap.• Realizing available resources for digitalization and
smart automation.
• Adaption of business model(s).
2 Leadership • Willingness of leaders to embrace Industry 4.0
paradigm.
• Management of (digital) competences and methods.• Existence of a central coordination for Industry 4.0
strategy.
3 Customers • Utilization of customer data (i.e., analytics).• Digitalization of sales and services.• Customer’s digital media competence.
4 Products • Individualization of products (i.e., personalization).• Digitalization of products (i.e., product-service
systems).
• Product integration into other systems (i.e., smart
products).
5 Operations • Decentralization of processes.• Modelling and simulation.• Interdisciplinary and interdepartmental collaboration.
6 Culture • Knowledge sharing.• Open innovation and cross company collaboration.• Value of Information and Communication Technologies
(ICT) in company.
7 People • ICT competences of employees.• Openness of employees to new technology.• Autonomy of employees.
8 Governance • Labor regulations for Industry 4.0.• Suitability of technological standards.• Protection of intellectual property.
9 Technology • Existence of modern ICT.• Utilization of mobile devices.• Utilization of machine-to-machine (M2M)
communication.
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calculate the readiness level of an SME to adopt Industry 4.0 technol-
ogies as well as digital and smart automation practices. The maturity
index was computed focusing on various organizational aspects in
practice, and the qualitative and quantitative methods were deployed
to validate the index empirically. This index is based on a survey of nine
dimensions (as mentioned in exemplary maturity items in Table 5): (1)
strategy, (2) leadership, (3) customers, (4) products, (5) operations, (6)
culture, (7) people, (8) governance and (9) technology. Table 5 presents
the maturity dimensions (organizational aspects) used in this index and
provided three exemplary maturity items under each dimension.
One may think that SMEs possess traits such as more interaction
with customers/vendors and therefore, this model is relevant for SMEs.
However, as depicted in Section 1.1, the strategies of SMEs often de-
pend on the leader (owner). Therefore, the adoption of SM/Industry 4.0
depends on her/his understanding of the topic and willingness to
pursue the shift. Resistance towards the adoption of advanced tech-
nologies and digitalization, lack of employee training, lack of highly
centralized processes, not following technological standards and pro-
tection of intellectual property rights, lacking digitalized and in-
dividualized products, etc. are some items that are included in the
maturity items (Table 5) but do not acknowledge the SME require-
ments.
3.1.3. Towards Industry 4.0: gap analysis between current automotive MES
and industry standards using model-based requirement engineering
Kannan et al. [73] performed a gap analysis, based on the “MES
Product Survey” of MESA International [74], between the current
Manufacturing Execution Systems (MES) in the automotive industry
and industry standards. The research work [73] assumes that achieving
industry standards recognized by the International Society of Automa-
tion (ISA), ISA-95 and ISA-88 would help automotive companies in
their journey towards Industry 4.0. The model-based requirement ap-
proach integrated with gap analysis consists of three phases:
1) Vendor selection phase: Focuses on the selection of the best vendors
for parts and/or products based on the services provides by their
MES.
2) Requirement modeling phase: Defines requirements for the current
automotive MES.
3) Gap analysis phase: Analysis of possible gaps between the services
provided by vendors and the MES requirements of the automotive
industry.
SMEs deal with a lesser number of vendors/suppliers, and similarly,
they have a fewer variety of parts/products as compared to MNEs (see
Table 1). Therefore, the requirements of SMEs may vary. Hence, it
would be difficult to execute the three phases proposed by [73] in a
meaningful and value-adding way. SMEs may not consider following
ISA and other standards. Therefore, the process of gap analysis assisted
by a model-based requirement engineering as proposed in this model
[73] may not adequately reflect SMEs’ requirements.
3.1.4. Towards Industry 4.0-standardization as the crucial challenge for
highly modular, multi-vendor production systems
Weyer et al. [75] considered open and standardized solutions as an
essential factor for the success of Industry 4.0 paradigm adoption in
SMEs. The research [75] mentioned ‘highly modular’ and ‘multi-vendor
interoperable’ production system as the critical enablers that can re-
cognize the diversity of solutions nowadays found in a traditional SME
shop floor. A reference smart production line was discussed as a sample.
Table 6 summarizes the essential issues [75] in the production line.
The key issues (Table 6) of this model deal with less involvement of
human resources and rely on electro-mechanical plug-in systems.
However [75], suggest the extreme use of digitalization and AMTs such
as smart glasses and tablets, expensive modular infrastructure boxes,
etc. As a result, many SMEs may not be financially secure enough (see
Section 1.1) to include these technologies in their production systems.
Therefore, the proposed model does not correspond entirely with the
requirements of SMEs.
3.1.5. An overview of a smart manufacturing system readiness assessment
Jung et al. [76] propose a novel Smart Manufacturing System
Readiness Assessment (SMSRA). SMSRA model had four dimensions:
organizational maturity, information technology maturity, performance
management maturity and information connectivity maturity.
1) Organizational maturity refers to how the activities are performed by
the manufacturers, whether i) a process formally manages each
activity (i.e., automation) or ii) a human is responsible for the
process (i.e., mechanization).
2) Information Technology maturity denotes the existence of digital tools
and methods. E.g., paper-based layout design is not a part of in-
formation technology maturity.
3) Performance maturity addresses the degree to which performance
measures are used and monitored.
4) Information Connectivity maturity reflects the sophistication of the
methods used to exchange the required information and the degree
to which the information is shared/exchanged.
Jung et al. [76] also performed a study based on statistical analysis.
This analysis was a part of the SMSRA index to demonstrate the positive
correlation with different types of performances that can be evaluated
at a discrete level when aiming for new smart capabilities for SMEs
manufacturing systems.
Fig. 2. Research Gap between Current Manufacturing Systems and Industry 4.0 [72].
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SMEs may not have full access to all four dimensions discussed [76],
because they lack in AMTs, information technology, strategies for
performance management, and information connectivity (see section
1.1). The lack of automation experience and experts also implies that
SMEs might not be able to evaluate their actual manufacturing system
readiness. Therefore, this readiness assessment is more oriented to-
wards MNEs.
3.1.6. Three-stage maturity model in SME’s towards Industry 4.0
Ganzarain & Errasti [77] considered ‘diversification corporate
strategy’ as the main enabler for Industry 4.0. According to the authors,
the SMEs lack the basic prerequisites such as awareness, knowledge,
formalized processes, techniques, and tools needed for adopting a di-
versification strategy. A diversification strategy focuses on new pro-
ducts or introducing an improved version of previously available pro-
duct to expand the market [78]. Ganzarain & Errasti [77] followed the
three-stage maturity model (proposed by [79]).
a) In stage 1, an SME develops a specific vision for Industry 4.0 with
the help of present capacity and resource analysis.
b) In stage 2, the SME’s Industry 4.0 vision is informed by
c) The company’s network, processes, product(s) and market dimen-
sions.
d) The requirements and technologies involved in Industry 4.0 en-
vironments.
e) And finally, in stage 3 the Industry 4.0 projects are enacted, which
results in the formation of risk management policies for the SME
management, and the training methods for the SME workforce.
Companies consider the inputs from experts and key partners during
the Vision 4.0 development (stage 2) Furthermore, the collaborative
diversification method integrates with a generalized maturity model for
Industry 4.0 and a synthesis in the form of a diagram as depicted in
Table 7. The various levels of the maturity model are:
1) Initial: Company-specific Industry 4.0 vision does not exist
2) Managed: Roadmap for Industry 4.0 vision is available.
3) Defined: Customer segments, value proposition and key resources of
SME are defined.
4) Transform: Strategy divided into specific tasks.
5) Detailed Business Model: The entire business model is transformed
towards Industry 4.0.
This model [77] acknowledges an Industry 4.0 tailored vision for
SMEs, and therefore SMEs may be able to analyze their financial con-
dition, the technology present in the system, and the current skills of
employees. However, performing the self-assessment in absence of clear
instructions will not be an easy task as the SMEs may lack the experi-
ence, and the expertise needed to analyze their existing capacity and
resources to develop their Industry 4.0 vision. Hiring a consultant for
this purpose might not be a feasible option given SMEs’ financial con-
straints. Similarly, employee training will need extreme changes in SME
strategies; therefore, this approach needs to be improved to be im-
plemented by SMEs.
3.1.7. IMPULS Industrie 4.0 readiness
Lichtblau et al. - IMPULS report [61] suggests a readiness model that
classifies an SME in six levels of Industry 4.0 readiness from outsider
to a beginner (newcomer), passing through intermediate (or learner),
to experienced, expert and finally top performer (leader). This
Table 6
Smart Production Line Issues and their Descriptions [75].
# Key Issues Description
1 Production Line
and Process
From a production planning and control system (PPCS) traditional paradigm to a product-centric, dynamic, and decentralized
production control where the customized job data is written on the memory of a product and communicated to each
manufacturing cell with the help of an RFID chip.
2 Plug and Produce Manufacturing cells (modules) can be easily changed in their order, removed, or added to a production line during the
manufacturing system operation, which gives the ability to the operator to reconfigure the production line (e.g., an automatic
neighborhood detection allows an independent topology derivation, supported by an RFID tag and reader at each module in its
both sides, which deduces its new neighbor modules automatically).
3 Smart
Infrastructure
Smart (modular) infrastructure box through which each manufacturing cell can be supplied with everything it requires to
perform its functionality, facilitating fast data communications, standardized cabling, and power, and ensuring the safety and
security of the manufacturing systems.
4 Manual Work
Solution
Support of virtual instructions directly at the point-of-action by tablet, projection mapping or smart glasses to the operator in
his/her manual assembly workstation.
5 Control
Architectures
Decentralized control architecture based on Service Oriented Architecture paradigm to integrate different software modules
with defined functionalities into a more significant and distributed IT system (e.g., an SOA PLC to allow a top-down
communication from the ERP system via MES and PLC down to the sensor).
6 Vertical Integration of Superordinate IT
systems
Key technologies for enabling vertical integration are communication standards such as OPC UA, MTConnect, etc. as well as
integrated web services (e.g., an integrated OPC UA server in every vendor-specific module can guarantee a problem-free
interaction of different modules beyond proprietary limits).
Table 7
Maturity Model to the Industry 4.0 Revolution [77].
Maturity Vision Business Actions
ENVISION ENABLE ENACT
1 MM A Company specific Industry 4.0 Vision does not exist
2 MM Tailored
Industry 4.0 Vision
Customer Segments and Expectation Defined Projects Portfolio
without Prioritize
3 MM Developed its Understanding on Industry 4.0 with specific
Capabilities and Resources.
Customer Segments and Expectations Defined and
Value Proposition Defined
Projects Evaluated and Resources and
Collaboration Needed Identified
4 MM Opportunity Map
described in Industry 4.0
Customer Segments and Expectations,




5 MM Future Challenges
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classification considered 18 items that made the following six dimen-
sions of an Industry 4.0 environment: (1) organizational strategy, which
addresses the strategic planning and control of the Industry 4.0 cor-
porate strategy (2) smart factory, which aims for a distributed, highly
automated production environment (i.e., digital modelling, equipment
infrastructure, data usage, IT systems), (3) smart operation, which aims
for an enterprise-wide and cross-enterprise integration of the physical
and virtual worlds (i.e. information sharing, cloud usage, IT security,
autonomous processes), (4) smart products, which aim to facilitate an
automated, flexible, efficient production management, as well as the
creation of new data-driven services (i.e., ICT add-on functionalities of
products such as automatic identification, localization, self-reporting),
(5) data-driven services, which support new operational efficiencies
and revenue streams through services (i.e. availability of data-driven
services, share of revenues derived from data-driven services, share of
data used) and (6) employees, which help to realize digital transfor-
mation (i.e., digital skills). Lichtblau et al. – IMPULS [61] also provides
an online assessment tool where SMEs may identify their readiness level
for Industry 4.01.
Lichtblau et al. - IMPULS [61] considers horizontal integration with
external customers and suppliers as a part of the technical foundation
that supports SMEs. However, the six dimensions considered for an
Industry 4.0 environment include AMTs, digitalization, smart products,
and employee awareness and training, suitable strategies and organi-
zation culture aligning towards Industry 4.0, etc. SMEs will not be able
to score well in these dimensions (as discussed in Section 1.1). It may
result in the wrong estimation of their readiness. Therefore, by fol-
lowing this model, most of the SMEs will end up being the “outsiders”
or at the lowest level of Industry 4.0.
3.1.8. Industry 4.0: building the digital enterprise
Geissbauer et al. - PwC [62] propose a readiness assessment model for
Industry 4.0, mainly focusing on “digitalization” strategies as the key
for Industry 4.0 capabilities. Geissbauer et al. - PwC [62] readiness
assessment model is based on four stages: (a) digital novice, (b) vertical
integrator, (c) horizontal collaborator and (d) digital champion, and
seven dimensions: (1) digital business models and customer access (e.g.
from digital solutions and isolated applications to new digital disruptive
business models), (2) digitization of product and service offerings (e.g.
from online presence to integrated (digital) customer journey man-
agement), (3) digitization and integration of vertical and horizontal
value chains (e.g. from digitalized and automated sub-processes to fully
digitalized, integrated processes), (4) data & analytics as core capability
(e.g. from basic analytical capabilities to predictive analytics), (5) agile
IT architecture (e.g. from fragmented IT architecture in-house to a
single data lake), (6) compliance security, legal and tax (e.g. from
traditional in-house structures to optimizing the value-chain com-
pliance), and (7) organization, employees and digital culture (e.g. from
silos to collaboration as a key value driver). Furthermore, the following
steps are recommended [62] for digital success: map out your Industry
4.0 strategy, create initial pilot projects, define capabilities you need,
become a ‘virtuoso’ in data analytics, transform into a digital enterprise
and actively plan an ecosystem approach.
Geissbauer et al. - PwC [62] assume the presence of digitally in-
tegrated supply chains that will require a real-time update of the pro-
duct with the collaborators, which may not be possible for the SMEs to
implement because of the financial constraints. Finding a supplier that
is both economical and has installed real-time update technology (like
RFID), might be time-consuming and thus it might further complicate
the situation for the SMEs, who already have a high dependence on
their customers/suppliers. The seven dimensions proposed in this paper
will need digitalization, automation, digital organization culture, ana-
lytics, etc. to be implemented. As discussed in Section 1.1, these
facilities are not frequently present in SMEs. Therefore, the digital en-
terprise model proposed in this report [62] does not consider the SMEs
aspect.
3.1.9. The connected enterprise maturity model
Rockwell Automation [63] suggested a “connected enterprise maturity
model” with technology as its key enabler. Four different dimensions of
technology that can help to achieve Industry 4.0 were mentioned: (1)
information infrastructure, including hardware and software, (2) con-
trols and devices such as sensors, actuators, motor controls, switches,
etc., which feed and receive data, (3) networks that facilitate the ex-
change of all information, and (4) security policies. Moreover, a five-
stage action plan is recommended [63]: (S1) assessment of exiting OT/
IT network (the four dimensions of technology previously mentioned),
(S2) secure and upgraded, network and controls (from plant floor to
enterprise network), (S3) defined and organized working data capital
(from new data capabilities emerging to harness and leverage of data),
(S4) analytics (from real-time analytics to proactive and automatic
analytics), and collaboration (from the enterprise to the extended en-
terprise).
According to Rockwell Automation [63], the SMEs will need a
formal collaboration with its customers/vendors and this collaboration
will require the presence of digitally coordinated enterprises, which
may not be possible to achieve for many manufacturing SMEs. The four
technology dimensions needed for the connected enterprise maturity
model also demand AMTs, information sharing systems, networks, etc.
that are not possessed by most SMEs. Therefore, the connected en-
terprise maturity model might not be able to help SMEs.
3.1.10. Guideline industrie 4.0 - guiding principles for the implementation
of industrie 4.0 in small and medium-sized businesses
Anderl et al. - VDMA & Partners [80] focus on company-specific
approaches of Industry 4.0 and present instructions considering the
specific nature of German SMEs with the help of a report. The guide-
lines include business models at five different stages, namely: (1) pre-
paration - knowledge base, (2) analysis - competencies and internal
projects, (3) creativity - ideas and business models, (4) evaluation, and
(5) implementation - application. In addition, these five stages were
suggested to provide a step-by-step journey for the firm’s vision of In-
dustry 4.0. The report [80] considered the commitment of senior
managers, cross-disciplinary teams, and a toolbox for Industry 4.0 as
the essential facilitators/tools. The report [80] also mentioned the
technologies of these toolboxes from both the product and the process
viewpoints (see Tables 8 and 9).
Anderl et al. - VDMA & Partners [80] provide a step-by-step method
for SMEs to realize its vision of Industry 4.0 using low-priced sensors/
actuators and training employees to make use of these sensors might be
feasible for SMEs (as discussed in Section 1.1). Nevertheless, how the
SMEs can know about their present situation and which specific tools
(sensors/actuators, communication/connectivity, etc.) they can look for
installing, are some of the questions that might confuse SMEs and thus
make the application of this toolbox challenging. As a result, while
some aspects are a good fit, this report does not fulfill all requirements
to be considered as the ideal match from an SME standpoint.
3.1.11. A smartness assessment framework for smart factories using
analytic network process
Lee et al. [81] used Analytic Network Process (ANP) tool and per-
formed a Multiple-Criteria Decision-Making (MCDM) analysis for smart
factory based on the study of 20 Korean SMEs. The criteria for assess-
ment considered the existing literature together with the conceptual
framework presented in Table 10. These criteria were divided into sub-
criterions and finally broken into assessment items (see Table 11) with
the help of five industrial consultants.
This study was based on the collected data and focused on the
processes involved in a traditional value chain. Three categories of1 https://www.industrie40-readiness.de/?lang=en
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SMEs participated in this research: (1) facility centered, (2) purchase
and inventory-centered, and (3) all round groups. Finally, the assess-
ment items were weighed using expert discussions, and these weights
were used in ANP to rank the SMEs among three different groups. Lee
et al. [81] considered five levels of maturity for classifying a smart
factory: (1) checking (factory not linked to an external monitoring
system), (2) monitoring (factory can gather data linked to external
monitoring system), (3) control (factory can analyze abnormalities from
the data), (4) optimization (factory can integrate entire data and opti-
mize itself by interfacing all devices, facilities, internal and external
systems), and (5) autonomy (factory can operate and diagnose itself
with the help of AI).
This research work [81] involved decision making with the help of
ANP. Although it considered collaboration with suppliers, facilities
automation, updated information systems, etc., however, it does not
suggest how an enterprise can shift towards Smart Factory recognizing
the mentioned criteria (Table 11). Therefore, this study may not guide
the development of SMEs towards SM/Industry 4.0.
3.1.12. Industrie 4.0 maturity index (managing the digital transformation
of the companies)
Schuh et al. [82] considered “digitalization” as an enabler for In-
dustry 4.0 in their report and developed a maturity index with the help
of a four-stage methodology. The methodology was a result of various
workshops and case studies and included four phases. The first phase
was based on the discussion of various projects with strategic partners
from both industry and academia. In the second phase, a steering
committee reviewing and updating the project progress was formed.
While in the third phase, the feasibility of projects was validated in a
technology-based manufacturing enterprise. The fourth phase was
running in parallel with the other three stages and included the ver-
ification of findings that are derived during each of the three stages.
The maturity index considered six development stages that are: (1)
Computerization, meaning the installation of computers (and in-
formation systems) that will support tasks with data processing systems
and relieve employees from repetitive manual activities, (2)
Connectivity, referring to connecting and structuring these computers
and data processing systems with the help of intranet and/or internet to
support the core business processes, (3) Visibility, creating a digital
shadow of what is happening in real-time at the factory and supporting
management decision with data. Visibility can be achieved with the
help of Enterprise Information Systems (EIS) such as ERP, PLM and
MES, (4) Transparency, allowing to view events and understand the
root cause of their happening (e.g. problems), (5) Predictability,
building on the understanding of the Transparency stage, and moving
forward to plan-and-make decisions on the basis of future scenarios
(e.g. forecasting), and (6) Adaptability, including the autonomous re-
sponse from machines and other systems based on their predictive ca-
pacity. It is important to highlight that Computerization and
Connectivity stages are more related to the goals of the Industry 3.0 era,
whereas the Industry 4.0 journey starts at the Visibility maturity stage.
Furthermore, four key areas, each having two sub-dimensions, were
assessed at each maturity stage: (a) resources (viz. digital capability and
structured communication), (b) information systems (viz. self-learning
information processing and information system integration), (c) orga-
nization structure (viz. organic internal organization and dynamic
collaboration within the value network), and (d) organization culture
(viz. willingness to change and social collaboration). The report’s ob-
jective was to define a maturity index that can evaluate the present
Industry 4.0 stage of the organization and find the measures, which can
lead them to a higher maturity stage. The idea of a tailored vision of
Industry 4.0 for a company was also emphasized.
The two sub-dimensions of the four key areas assume the presence
of various high-end technologies (like self-learning information pro-
cessing, integrated information systems, efficient M2M communication,
etc.) and adaptable culture (organizational mindset regarding Industry
4.0), that are required in the digitalization and collaboration of an or-
ganization, but the assumed technologies and the mindset might not be
available in an SME (see Section 1.1). Therefore, in spite of considering
a tailored vision, the assumed technical and the organizational mind-
sets make this model impractical for SMEs. The model defined in the
report [82] can find the present maturity level of the organization and
guide it towards its next level of maturity. However, this is not a self-
assessment instrument, so any industry using this maturity index may
need to develop an understanding of the instrument before filling the
survey questions, and finally find the answer(s) with the help of experts
(e.g., SMEs may need to hire a consultant). As a result, from the SMEs’
viewpoint, this approach might be expensive and time-consuming.
Table 8
Toolbox Industry 4.0 - Product [80].
Integration
of sensors / actuators
No Use of
Sensors / Actuators
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3.1.13. Development of an assessment model for Industry 4.0: industry 4.0
maturity model
Gökalp et al. [55] adopted SPICE (Software Process Improvement
and Capability dEtermination) approach for framing a maturity model
for Industry 4.0. Five aspect dimensions – (i) asset Management (IT and
technologies considering Industry 4.0); (ii) data governance (data
gathering, assessment and decision making); (iii) application manage-
ment (managing interfaces and information flow); (iv) process trans-
formation (mapping of basic processes planning, acquisition, produc-
tion, sale and distribution with the digital world); and (v)
organizational alignment (organizational structure and strategies, and
human resource management) were considered. Levels 0–5, “in-
complete,” “performed,” “managed,” “established,” “predictable” and
“optimizing” were defined based on the different aspect practices
(features) (see Table 12).
The model makes sense for SMEs in the respect that it recommends
increasing the degree of employee participation and an investment in
the employee awareness towards Industry 4.0. But, overall the assess-
ment model proposed by [55] does not consider the perspective of
SMEs, because the SMEs may not have an access to the technologies like
IoT, wireless networks, IT Security, etc.
3.1.14. Maturity and readiness model for Industry 4.0 strategy
Akdil et al. [56] proposed an Industry 4.0 maturity model with four
levels of maturity and three broad dimensions. The levels considered
are absence (level 0 - Industry 4.0 requirements are not fulfilled at all),
existence (level 1 - company’s utilization of integration, automation,
data collection, digital technologies, interoperability, etc. is at very low
level), survived (level 2 - company’s utilization of integration, data
sharing, interoperability, etc. are at medium level), and maturity (level
3 - company’s utilization of integration, data sharing, interoperability,
etc. are at a high level). In addition, Akdil et al. [56] recognized various
principles and technologies for Industry 4.0 (Table 13). Three dimen-
sions (smart products and services, smart business processes, and
strategy and organization) and their corresponding maturity levels
(level 0–3) were defined in this model [56] with the help of a set of key
characteristics. Finally, a survey-based instrument was used to find the
maturity level, and a retail sector demonstration was presented. The
demonstration shows the computation of maturity score for each of the
three sub-dimensions.
This model provides an index to calculate the readiness for Industry
4.0; however, it does not show a maturity path towards Industry 4.0 as
the model is oriented towards the MNEs. Also, the dimensions con-
sidered [56] do not show any concern towards the SME requirements
discussed in Section 1.1 (see Table 3). Only the organization culture
and the readiness towards Industry 4.0 are the factors that show the
model’s concern towards SMEs. The dimensions related to the various
Industry 4.0 principles and technologies (suggested by [56] in
(Table 13)) may not be present in SMEs. For example, here the products
are expected to be smart (i.e., communicate with each other) and the


















































































































































































































































































































































































































































































































































































































































































































































































Conceptual Framework for Smart Factory Assessment [81].
Management Level Operational Requirements
Vision Leadership and Strategy
Goal Performance Assessment















Machine Level Facility Automation
S. Mittal et al. Journal of Manufacturing Systems 49 (2018) 194–214
204
Additionally, the incomplete definition of each maturity level under
each dimension is another drawback that may confuse SMEs.
3.1.15. Towards a framework for assessing the maturity of manufacturing
companies in Industry 4.0 adoption
Scremin et al. [57] developed assessment framework “AMM
Table 11
Criteria, Sub-Criteria and Corresponding Assessment Items used for ANP [81].
Criteria Sub-Criteria Assessment Items
Leadership Leadership & Strategy • CEO leadership• Strategy and plan for implementing smart factory• Management of organization and capability of smart factory• Management of KPIs (key performance indicators)
Process Product Development • Procedure of product development• Product design and evaluation• Process design and evaluation• Management of product information• Management of technical information
Production Planning • Management of information for production planning• Demand and order planning• Sales and operation planning• Master production scheduling
Process Control • Development of the detailed job schedule and order• Management of the production progress• Management of abnormalities in the manufacturing process
Quality Control • Management of information for quality control• Management of documents of standards for quality control• Management of testing data• Management of machines and equipment for quality control
Facility Management • Management of the operation of facilities• Maintenance of facilities• Management of spare parts• Management of molds, jigs, and tools
Logistics Management • Management of the demand of materials• Management of orders and lead times• Management of storing and releasing products in a warehouse• Management of tracking systems• Management of peaking and delivering products• Management of information about delivering and tracking
System & Automation Information System • Utilization of ERP and SCM• Utilization of MES• Utilization of PLM• Utilization of FEMS• Management of information security
Facility Automation • Automation of manufacturing facilities• Automation of logistics facilities• Automation of evaluation and testing facilities• Automation of information network for facilities• Management of energy, safety, and environment
Performance Performance Assessment • Productivity• Quality• Cost• Lead time• Safety• Environment
Table 12
Capability Dimensions and Levels of Industry 4.0 Maturity Model [55].
Level Generic aspect Practices/Generic Work Products
Level 5: Optimizing • End-to-end digital integration of engineering across
the entire value chain
• Innovative business processes• Continuous adaptation• Self-optimization
Level 4: Predictable • Horizontal integration through value networks• Controlled processes and operations• Big Data Analytics, Machine Learning & AI
Level 3: Established • Vertical integration and networked manufacturing
systems
• Development of a common language with its own signs
and semantics
• Standardized qualification of processes and operations
Level 2: Managed • Infrastructure of smart technologies is installed and
independently operated
• Physical items are represented by a virtual work
Level 1: Performed • Aspect practices are performed• Transition attempts to Industry 4.0
Level 0: Incomplete • Aspect practices are not performed• Basic business operations are carried out
Table 13
Industry 4.0 Principles and Technologies (Akdil et al., 2018).
Principles Technologies
• Real time data management• Collection/Processing/Analysis/
Interference
• Interoperability• Virtualization• Decentralization• Agility• Service Oriented• Integrated Business Processes
• Adaptive robotics• Data analytics and Artificial Intelligence• Simulation• Embedded Systems• Communication and Networking• Cybersecurity• Cloud• Additive Manufacturing• Virtualization Technologies• Sensors and Actuators• RFID and RTLS Technologies• Mobile Technologies
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(Adoption Maturity Model)” for the manufacturing companies transi-
tioning towards Industry 4.0. AMM acknowledges 30 maturity items
divided along three axes (strategy, maturity, performance) and eight
maturity indicators (Table 14). AMM recognized a series of require-
ments for each of its maturity stages (Table 15) with the help of a cross-
sectional exploratory research project that employed qualitative
methods for data collection.
Developing AMM followed a methodology. At first, a review on
Industry 4.0 literature acknowledging the enabling technologies and
existing maturity models was performed. This literature review helped
in proposing a model consisting of 30 maturity items (Table 14). The
maturity items were further distributed among eight maturity in-
dicators and interview questions were linked with the maturity in-
dicators. As a next step, an interview guideline containing these ques-
tions was deployed to collect data from ten organizations (five Italian
and five Canadian). The collected data helped in elaborating the case
studies by understanding organizations’ perspective on various aspects
(e.g., motivations for adopting, implementation process, major chal-
lenges faced, etc.) regarding Industry 4.0. Next step determined the
thresholds for each maturity item identified earlier by utilizing the in-
formation collected from case studies. These thresholds helped in model
validation and case evaluation using indicators (represented using
radar charts). The evaluation of individual cases also helped in devel-
oping a matrix for cross-case comparative analysis. Finally, the com-
parison matrix along with the individual maturity assessment was
analyzed, to identify archetypes and formulate conclusions on Industry
4.0 adoption.
The objective of AMM was to evaluate the maturity stage of an
enterprise that has already started its journey towards Industry 4.0.
Therefore, AMM will not be helpful for an organization (including any
SME) that is yet to take any step towards Industry 4.0. Although, em-
ployee training systems may enhance the skills of SME employees;
however, the technologies like Data Analytics, Industrial Internet of
Things (IIoT), vertical and horizontal organizational integration, etc.
mentioned in the AMM framework are unlikely to be present in a
manufacturing SME. Therefore, AMMmay not fit a manufacturing SME.
Furthermore, the study [57] do not explain the maturity items included
in the AMM. The 30 maturity items were developed with the help of a
comparison between eight maturity models that included a software
maturity model [65] as well. The relevance of a pure software maturity
model in a manufacturing scenario has not been discussed [57] as well.
Finally, the incomplete explanation of the 30 maturity items and the
absence of key characteristics at each stage of the maturity might
confuse any organization, which does not have an expert or consultant
to implement this model. Therefore, all the drawbacks discussed above
makes the deployment of AMM in an SME impractical.
3.2. Verifying current maturity model fit with manufacturing SME specific
requirements
It is important to understand how the fifteen models discussed
above stand regarding the SME requirements described in Section 1.1
(see Table 3). Table 16 compares the Industry 4.0 models in terms of
SME requirements, where “+” denotes that the model reinforces the
Table 14
Industry 4.0 Maturity Assessment Framework [57].
Industry 4.0 Strategy Business Strategy • Investments• IIoT Roadmaps• Enhancements of the Product through IIoT• Development of new Products through IIoT
Technology Strategy • Cyber security issues• Choice of platform and standards
Networking and Integration • Vertical Integration Decision-making• Horizontal Integration and Data sharing Decision-making• Extent of IIoT systems within the organization
Maturity Infrastructure for IIoT • Equipment Infrastructure• IT systems• Security Systems• Technologies adopted
Analytical Skills • Ability to analyze big data• Awareness of the importance of analyzing big data• Reasons to use Big Data• Self-evaluation system• Real-time change abilities based on Analytics• Effective use of Big Data for competitive Intelligence
Absorptive Capacity • Employee Training System• Knowledge Management Systems• Awareness of the Skills required for IIoT
Performance Benefits of Industry 4.0 Adoption • Economic Benefits• Social Benefits• Environmental Benefits
Impact on Efficiency • Employee Efficiency• Order Fulfillment Rate• Cost, Lead Time, Energy Consumption, and Defect Rate Reduction• Reduction in Time for Decision-making• Impact of Inventory Requirements
Table 15
Industry 4.0 Roadmaps Corresponding to a Particular Stage [57].
Stage Industry 4.0 Roadmaps
0 No roadmaps developed; and Industry 4.0 is not a part of the business strategy process.
1 No roadmaps developed; and Industry 4.0 (focused on technology development) is a part of company’s general strategy.
2 Roadmaps maybe developed but the action plan is not well defined; and Industry 4.0 is a part of the company’s business strategy.
3 Roadmaps developed but long-term action plans are still not clear; and Industry 4.0 is a part of company’s business strategy.
4 Roadmaps developed with short-term and long-term plans; and Industry 4.0 is a part of company’s business strategy.
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SME requirements, and “-” denotes that the specific requirements of the
manufacturing SME do not go in harmony with the model. Below is
discussed the standing of existing maturity models for each of the
clusters formed from the specific SME requirements.
a) Finance (FN): It can be discerned from Table 16, that only three
models [77,80,82] recognize the presence of a tailored vision for
SM/Industry 4.0 and therefore their approach suits SMEs. The tai-
lored vision considers the unique needs of the organization and thus
it may better acknowledge the financial constraints of SMEs.
b) Technical Resource Availability (TR): All models (except [73]) have
advocated technology as an essential enabler leading to SM/In-
dustry 4.0. Assuming technology as a vital resource was intuitive as
SM/Industry 4.0 has to do with a technological transition. But, SMEs
are more into specialized manufacturing, and therefore they might
not feel the need of an umbrella of advanced technologies. Only two
models [77,80] emphasized on the tailored vision for SM/Industry
4.0 and thought that organizations may approve the technologies
that fit their tailored vision. Although [82] considered a tailored
vision, it suggests an extreme orientation towards digitalization.
Therefore, the model by [82] might not fit an SME’s technical re-
quirements.
c) Standards (ST): Only two [64,73] models discussed the importance
of maintaining standards. Nevertheless, none of them can positively
influence the standardization from the SME viewpoint. The detailed
documentation, and the understanding of the appropriate industry
standards, which the organization need to follow, may turn out to be
a tedious process. Therefore, in the absence of an expert/consultant,
the SME may not be able to implement and maintain the industrial
standards.
d) Organization Culture (OC): The emphasis on organizational culture
has also been considered by eight models [55,56,61,62,64,76,
81,82]. However, only [56] favor the SME perspective as their
model acknowledges that the presence of an appropriate organiza-
tional culture and the mind-set towards having a belief is the first
step on the road for Industry 4.0.
e) Employee Participation (EP): The value of employee participation is
recognized in as many as eight models [55,61,62,64,75,77,80,81].
However, only four models [55,57,77,80] considered employee
participation from the SME viewpoint, because these four models
acknowledge that employee training and their exposure to SM/In-
dustry 4.0 are a crucial factor for the enterprise transition towards
SM/Industry 4.0.
f) Alliances (AL): Another important observation is that an alliance
with academic/research institutes is not acknowledged by any of the
models in the literature. Alliances with Universities and research
institutes, and the exposure received by attending the workshops
and skill-oriented seminars might help the SME employees in ex-
changing their viewpoints and insights with the other participants.
g) Collaboration (CL): SMEs are highly dependent on their suppliers
and vendors, and therefore they may have an active collaboration.
When it comes to literature as many as five models [62,63,73,81,82]
have considered collaboration as a vital factor of SM/ Industry 4.0.
But, none of the five models have studied the SME viewpoint as they
assume that the enterprise is digitalized, and can get real-time up-
dates from its customers/ vendors. Therefore, the models have not
provided any suggestions on how to pursue a healthy collaboration
network.
Based on the above discussion, it can be observed that currently
there is no model that fulfill all the specific requirements of manu-
facturing SMEs (thus answering RQ1). Therefore, there is a need for a
comprehensive model that can align itself with all the SME specific
requirements.
An SME may still follow one of the available models in the literature
if the model can fulfill SME’s specific requirements. For example, if an
SME considers SM/Industry 4.0 but lacks finances, technological re-
sources, and employee participation than they might adopt the maturity
model proposed by [80]. However, the objective of this research work
is to find ingredients for a general maturity model that can serve all the
requirements of an SME.
4. Critical review: results and framing of research gaps
Table 17 presents a comprehensive summary of all the fifteen papers
discussed in the previous section. The focus and the questions that
emerge from the studies supporting SMEs in their evolutionary journey
or paradigm shift towards SM/Industry 4.0 are the primary objectives
of the table. The table also mentions the methodology applied in the
research. These research findings can be used as an input for the de-
velopment of a Maturity Model for SMEs. In addition, Table 17 shows
that there are only a few studies that acknowledge an SME’s organi-
zational shift towards SM and/or Industry 4.0. Since all the articles and
white-papers studied in this research are published between 2014 and
2018, it can be inferred that the topic is very current and relevant.
4.1. Findings
From Table 17 it can be observed that different methodologies, such
as framework, maturity model, readiness assessment, and gap analysis,
were used to discuss the enterprise journey towards SM/Industry 4.0.
Eight of these articles and reports have acknowledged the use of surveys
and pilot studies (viz [56,61–64,76,77,81]. for the validation of ma-
turity models, whereas [57] considered survey interviews as a mean for
Table 16
Comparing Smart Manufacturing/Industry 4.0 Models based on SME Requirements.
# Models FN TR ST OC EP AL CL
1 A Categorical Framework of Manufacturing for Industry 4.0 and Beyond –
2 Maturity Model for Assessing Industry 4.0 Readiness and Maturity of Manufacturing Enterprises – – – –
3 Towards Industry 4.0: Gap Analysis between Current Automotive MES and Industry Standards using Model-Based Requirement
Engineering
– –
4 Towards Industry 4.0-Standardization as the Crucial Challenge for Highly Modular, Multi-vendor Production Systems – –
5 An Overview of a Smart Manufacturing System Readiness Assessment – –
6 Three Stage Maturity Model in SME’s towards Industry 4.0 + + +
7 IMPULS Industrie 4.0 Readiness – – –
8 Building the Digital Enterprise – – – –
9 The Connected Enterprise Maturity Model – –
10 Guideline Industrie 4.0 - Guiding Principles for the Implementation of Industrie 4.0 in Small and Medium-sized Businesses + + +
11 A Smartness Assessment Framework for Smart Factories Using Analytic Network Process – – – –
12 Industrie 4.0 Maturity Index – – – –
13 Development of an Assessment Model for Industry 4.0: Industry 4.0-MM – – +
14 Maturity and Readiness Model for Industry 4.0 Strategy – +
15 Towards a framework for Assessing the Maturity of Manufacturing Companies in Industry 4.0 Adoption – +
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model validation. Anderl et al. - VDMA & Partners [80] have developed
a toolkit (set of technologies, methods, tools and practices- [83]) and
suggested to share it with managers with the help of a workshop. Two
papers by [72] and [73] have deployed a “Gap Analysis” for the journey
towards SM/Industry 4.0. Weyer et al. [75] demonstrated the use of
critical technologies for SM/Industry 4.0. Schuh et al. [82] considered
workshop and surveys for initial study and validated the results with
the help of an industrial case, and Akdil et al. [56] demonstrated the
evaluation of maturity readiness index with the help of an example case
from the retail industry.
Another observation from the study is that individual researchers
have different perspectives towards the understanding of dimensions
(e.g. [61,62,64,76]). Jung et al. [76] consider only “organizational
maturity” whereas [61] deploy two indices: “strategy and organization”
and “people.” Similarly [62], apply “organization employees” and
“digital culture,” but only one index involving “organization, people,
and organizational maturity.” Schuh et al. [82] mentioned “resources,”
“information systems,” “organization structure” and “organization
culture” as the dimensions. Whereas Schumacher et al. [64] mention
“strategy,” “leadership,” “culture,” “people” and “governance.” Only
[57,80,81] mention the prerequisites of Industry 4.0 in the form of
technologies, toolbox and building blocks (considered by both [57,81].
The report by Lichtblau et al. - IMPULS [61] mentions a stage named:
“outsider,” where the organization does not have an idea about SM/
Industry 4.0, and it is not proceeding towards SM/Industry 4.0. Also
[77], emphasize the enterprise’s tailored vision for SM/Industry 4.0.
Another significant finding is that some reports have defined the
journey towards SM/Industry 4.0 depending on the orientation of their
capabilities and strengths with SM/Industry 4.0. For example, the re-
port by [63] emphasizes the importance of automation, control, and
operations in general for the shift towards Industry 4.0; whereas [62]
considers digitalization as the enabler. It may be happening because in
Rockwell Automation [63] core-business has to do with automation and
operation technologies, and for PwC [62] core-business involve digi-
talization and information technologies.
Overall, this study identified several research gaps in the current
scientific body of knowledge that prevent maturity models for SM or
Industry 4.0 in supporting the case of SMEs. For example, only four (viz
[72,77,80,81].) papers considered an ‘SME perspective’ for SM/In-
dustry 4.0. These papers either mention the steps towards SM or In-
dustry 4.0 [63,72,73,75,77] or they emphasize on the readiness as-
sessment [56,57,61,62,64,76]. Only [82] considers both to be used in
unison to provide a comprehensive analysis. Anderl et al. - VDMA &
Partners [80,81] neither consider the steps nor they focus on the
readiness index for SM/Industry 4.0.
4.2. Gap identification
In this section, a set of research gaps have been derived (thus an-
swering RQ2) from the critical review conducted. These research gaps,
if addressed correctly, might close the currently existing differences
(see Table 16) and can provide SMEs with the dearly needed guidance
in their Industry 4.0 journey.
Firstly, the roadmaps, frameworks and maturity models identified in
the literature have targeted the needs of MNEs. Most of them assume
that the companies already have access to necessary resources such as
advanced and connected machines, IT integrated systems to mention a
few. Therefore, it can be safely assumed that a significant number of
MNEs have already started on their journey towards Industry 4.0. SMEs
on the other hand often do not have dedicated resources, such as an IT
department, connected equipment, etc., and thus have difficulties with
the initial steps towards Industry 4.0. A possible case that exemplifies
the challenge is the following: Large corporations start from a hy-
pothetical “level 1” or an “initial” stage where the organization has
already started implementing and accepting the shift towards SM and/
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“level 0” or “novice” (viz. very limited or no adoption of digital and
(smart) automation technology as well as restricted connectivity re-
garding bandwidth, basic cybersecurity, and communication between
information systems). In this case (level 0), the enterprise is not even
aware and confident about launching an SM/Industry 4.0 initiative.
Before moving on, it is essential to acknowledge that this generalization
is not valid for all SMEs and MNEs across the board. There are several
high-tech/technology-based SMEs that are operating at the top of their
field and can be seen as role models for other SMEs in the SM or
Industry 4.0 context. However, in general, the practical experience and
the studies presented by other authors such as [84–89] suggest that the
generalization is substantiated and is a suitable foundation for the work
presented in the current research.
In that scenario, there are often some significant challenges in-
volved when SMEs want to move from “level 0” to “level 1”. Compared
to going from “level 1” to “level 2”, these challenges may be considered
more severe for several reasons, such as building up infrastructure and
mind-set (i.e., from virtually ‘non-existent’ – including the often-ac-
companying strong initial resistance) vs. upgrading and educating
workers. As a result, it is not practical to consider the roadmap of a
MNE for an SME, given SMEs’ requirements and challenges faced to-
ward digitalization, and (smart) automation. Secondly, a unique
method that allows integrating self-assessing approaches for evaluating
the current level of Industry 4.0 readiness is needed. And, based on that
index, recommendations of specific prerequisites (or building blocks)
and/or set(s) of characteristics, technologies and enabling factors [33]
for directing the individual manufacturing system towards SM or In-
dustry 4.0 capabilities are still missing. Thirdly, SM or Industry 4.0
have different meanings and implications for separate entities (com-
panies/business-units/ people/etc.) and industries. It applies specifi-
cally to SMEs because they focus on a comparatively lesser variety of
products and involve fewer processes.
Three main research gaps that pertain to SMEs are identified during
this literature review.
Research Gap 1: Differences in the ‘starting conditions’ between SMEs
and MNEs when it comes to Smart Manufacturing and Industry 4.0
The first identified research gap, different starting conditions for
SMEs and MNEs consider that the currently available maturity models/
roadmaps/frameworks for SM or Industry 4.0 focus mostly on MNEs.
Based on this background, many of the reviewed tools start from a
somewhat advanced level (see Table 16) that includes connected ma-
chines, sensors, and some form of OT/IT integration. Similarly, the fi-
nancial situation of SMEs has not been considered by (most of) the
models (see Table 16). The models available in the literature also as-
sume that SMEs have an appropriate organizational culture and the
required employee skills towards SM/Industry 4.0, which is not the case
in reality (see Section 3 - Table 16). Given the fact in many manu-
facturing SMEs, this assumed starting point might be too advanced for
some SMEs. For SMEs, the starting conditions are often entirely dif-
ferent, and this needs to be reflected in the maturity models, etc., to be
effective in their goal to support SMEs towards adopting SM and In-
dustry 4.0. A readiness/maturity level below the first tier for MNEs is
necessary to reflect this phenomenon accurately.
Following this train of thought a little further, another question
remains unanswered: Is the effort necessary to move from the currently
missing “level 0” to the next higher level (in particular for SMEs, which
face this challenge more often) comparable with the efforts to transi-
tioning from “level 1” to “level 2”.
Research Gap 2: Disconnect between Maturity Models and self-assess-
ment readiness tools
The second identified research gap is the disconnection between
maturity models and self-assessment readiness-tools. Considering the
results of the literature review summarized in Table 17, not all (only
[82]) maturity models/roadmaps/frameworks aim at supporting the
transition towards SM or Industry 4.0 include a readiness assessment
tool. SMEs especially profit from the ease of use and smooth transition
between self-assessment to maturity model. Therefore, the current
disconnects between the two tools can be considered as another re-
search gap that needs to be discussed in more detail.
Research Gap 3: Support (tailored to SMEs) for next step after maturity
and readiness are assessed
The last identified research gap focuses on the next step after the
maturity and readiness assessment. Larger manufacturing companies
often have strategy departments or even a dedicated Industry 4.0 group
that can work with the input provided by the maturity model and/or
readiness assessment. SMEs on the other hand, often lack this dedicated
SM/Industry 4.0 strategic resources. Nevertheless, SMEs need to create
their own tailored SM and Industry 4.0 vision following the maturity
model and/or readiness assessment results. Given the previously dis-
cussed features of many SMEs, they might profit from additional com-
partmentalized input following the maturity/readiness results. Tailored
vision can be in the form of matching with predefined toolboxes (‘plug
and play’ solutions) that allow for the modular development of their
technical SM strategy.
5. Discussion of the research gaps
In this section, the previously identified three main research gaps
are critically discussed and answered in more detail, so that the existing
maturity models can be adapted in order to guide the SMEs toward the
SM/Industry 4.0 paradigm shift (hence answering RQ3). The objective
is to establish a solid foundation for selected and targeted follow-up
studies based on primary data, e.g., surveys. At this point, the discus-
sion and answers are framed based on the available (extended) litera-
ture and the experience of the authors.
5.1. Research gap 1: different starting conditions for SMEs and MNEs
The literature review (section 2), found that most maturity models,
roadmaps, frameworks, etc. currently available for SM or Industry 4.0
consider mainly the needs and resources of MNEs, e.g., regarding the
IT/OT infrastructure. Therefore, the reality of many SMEs today is that
their “level 1” or starting point is often a disconnect from the average
level of smartness (i.e., digitalization and (smart) automation cap-
abilities). E.g., some of the SMEs may require a Wi-Fi connection on
shop floor first before thinking about wireless sensor networks. As a
result, SMEs might find it strategically tricky, and of little value to place
themselves in one of the first defined levels (i.e., level 1) of existing
maturity models. Levels are the various stages that can represent the
current state of an organization, in this case, an SME. As a result, if
SMEs know they are at a “level 0”, they might be able to judiciously
invest their available financial resources in technology and in
Table 18
Identified Gaps in terms of various SME requirements.
# New Model Considerations FN TR ST OC EP AL CL
1 Different starting conditions for SMEs and MNEs + + + +
2 Disconnect between Maturity Models and self-assessment readiness tools +
3 Support (tailored to SMEs) for next step after maturity and readiness are assessed + + + + + + +
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developing the organizational culture and the employee participation
towards SM/Industry 4.0. Therefore, a “level 0” may help to address the
SME issues in a better way (see Table 18).
Although [61], suggests a stage “outsider,” whereas [55] and [56]
consider “level 0” as incomplete and absence stages respectively, they
fail to mention the requirements of “level 0”. “Level 0” may be defined
as the stage where the organizations are neither aware and nor they
have started inclining themselves towards SM or Industry 4.0; e.g., an
SME might be involved in the same labor-intensive processes, methods,
etc., and do not possess the required expertise and resources (monetary
and human) to adopt new Industry 4.0 technologies. An SME might not
have something as basic as an intranet facility. An example can be
hand-made item produced by a small group of people like a family-
owned business. Hence, defining a “level 0” for SMEs is a necessary
starting point to elevate their position along both the short- and long-
terms.
Faller & Feldmüller [30] presented the case of three SMEs that in-
vented “learning factories” oriented towards Industry 4.0 around the
Campus Velbert/Heiligenhaus (CVH). The three SMEs employed dif-
ferent technologies like SAP as ERP system, PLC, MES, HMI, etc. to
connect the shop floor and the top floor. But, this paper acknowledges
that there are SMEs that do not have the awareness and the resources to
become compatible to adapt the Industry 4.0 technologies. Therefore, it
may be believed that there is a definite need of specifying a “level 0” for
SMEs that may separate their position from the other advanced SMEs.
Big production houses at “level 1” might already have the required
resources and skills that can accelerate their SM or Industry 4.0 journey
towards “level 2” or from “level 2” to “level 3” or the corresponding
higher levels. Whereas, the SMEs at “level 0” still need to address basic
requirements, for example, the awareness of current technologies that
thus far have not been relevant to their businesses. An SME at “level 0”
may need to invest more in purchasing the required technology and set
a platform for the employee participation and organization culture (see
Table 18). Addressing skill gaps of their employees and access to other
resources are relevant, but the overarching mind-set and willingness to
change are also severe challenges that define “level 0”. For example, a
transition from manually maintained records to digital records, be it a
proprietary database or a sophisticated ERP/MES solution, requires
more resources and significant efforts. However, changing from existing
digital records to, e.g., mobile applications may be comparatively ea-
sier. There might be SMEs that still maintain the records manually, and
from the viewpoint of such SMEs, shifting from “level 1” to “level 2” is
less demanding as compared to going from “level 0” to “level 1”,
especially when taking the ‘mind-set’ shift into consideration.
5.2. Research gap 2: disconnect between maturity models and self-
assessment readiness tools
The literature review suggests that most of the maturity models/
roadmaps/frameworks leading towards SM or Industry 4.0 lack a self-
assessment readiness tool and, thereby making it harder for SMEs to
self-assess its starting point. Similarly, most of the self-assessments,
maturity models and roadmaps seem to be separated, independent
tools. Only Erol et al. [79] provided an integrated toolkit that is com-
paratively easier to purchase and install. The authors aim to provide a
clear “strategic guideline” to manage the entire digital transformation
process; nevertheless, their maturity model does not include a self-as-
sessment tool. Anderl et al. - VDMA & Partners [80] also provide a
toolbox with different phases towards SM or Industry 4.0, but the
toolbox did not offer any support in assessing the current state of the
company. Similarly, Schuh et al. [82] consider a maturity model in-
tegrated with a self-assessment tool, but it does not present an SME
perspective. Therefore, there is a need for an integrated maturity model
and self-assessment readiness tool for SMEs that can help them to lead
towards SM/Industry 4.0.
SMEs will always have budget constraints in their minds, and
therefore, it might not be feasible for them to hire a consultant.
However, the MNEs might do that. As a result, it is more important for
SMEs to have, an easy to interpret maturity model that can include both
a readiness assessment tool and a maturity model, which may be ap-
plied by an SME manager (see Table 18). The readiness assessment will
keep them updated about their present position towards SM or Industry
4.0, and the maturity model will guide their progress.
5.3. Research gap 3: support (tailored to SMEs) for next step after maturity
and readiness are assessed
Based on the results of this literature review, only two papers
[64,79], have focused on “company-specific SMEs 4.0 vision”, and
subsequent steps to achieve it. However, they have not demonstrated an
example of an industry or SME that can follow such steps towards its
tailored vision of SM or Industry 4.0. Showing a systematic metho-
dology leading towards SM or Industry 4.0 may help motivating other
SMEs to move towards a company-specific SME 4.0 vision (‘success-
stories’/ test-beds). Each SME has its specific needs and therefore
should have its customized version of an SM or Industry 4.0 vision. The
tailored vision will also help SMEs in spending on both technical and
non-technical resources by focusing on their needs. On the other hand,
with the help of readiness assessments, SMEs may be able to assess and
get aware about their manufacturing capabilities. Awareness is another
crucial factor that can help in developing SMEs 4.0. The SMEs may get
aware with the help of the reports provided by other industries and
consultants and thus promote an organizational culture towards SM
(see Table 18). These reports will include cases that may guide the
SMEs towards the required (digital) work culture. Attending workshops
and seminars on SM/Industry 4.0 with universities and institutes (see
Table 18) will keep them updated with cutting-edge research, and the
various industrial standards (like ISOs), they have to follow for product
regulation and safety. The awareness developed by workshops and
seminars will also help the SMEs to develop digital Industry 4.0 vision
and culture. The SMEs have an extreme dependence on their colla-
borators (see Section 1.1), and a tailored vision towards SM may also
help the SMEs in specifying their requirements in-time and thus redu-
cing the demand uncertainties from the collaborator’s mind. After at-
tending the workshops, the SMEs might be able to inform their vendor
(s) about how the industry standards may be met in the best possible
manner, and this may further strengthen their relations with the col-
laborators (see Table 18).
SMEs often focus on specific domains, and therefore for them, it
becomes even more critical to self-assess and document their success
stories, lessons learned, for highlighting the successful role models
available. Another factor is the trust issue – many SMEs trust their peers
to a greater extent as compared to believing the service providers or
other entities whom SMEs may perceive as having their agenda and/or
self-interest.
With the help of the identified research gaps, it was learned that
although there are websites available that aim to help companies to
locate/map their current state, they do not allow for an independent
assessment. Defining/ customizing items under the dimensions are ra-
ther limited, and thus the reflection of individual challenges and re-
quirements is only marginally possible. Only [64] considered items
such as customer data, process decentralization, knowledge sharing,
etc. and [61] discussed the employee skills, autonomous processes, data
analytics, etc. However [64], and [61] lacked a self-assessment tool for
companies. Most of the readiness assessment tool (i.e. [31,62,63,76],)
have not transparently defined dimensions for evaluating the readiness
for Industry 4.0. There are different toolkits available in the market that
claim to support organizations to achieve Industry 4.0. Qin et al. [72]
mention some of these in the form of technologies. In any case, for the
self-assessment of the companies, they need to perform an analysis
based on the different characteristics, technologies and enabling factors
[33], the work culture, organizational strategies, etc. The presence of
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incomplete toolkits may confuse the SMEs and even create additional
strategic and operational difficulties, and the specific technologies that
SME may install might be ignored.
5.4. Summary of discussion
Section 5 identified and discussed three main research gaps of
currently available maturity/readiness/assessment models and their fit
for SMEs using a comprehensive literature review. Based on this work,
it is believed that the current models are not sufficiently addressing the
identified gaps and if more work is done in this direction than the
mentioned research gaps (see Section 4.2) might be resolved. Table 18
shows how the research gaps discussed in Section 5.1–5.3 handle the
previously introduced SME requirements.
Based on the discussion of answers (to Research Gap 1–3, Section
5.1–5.3), Table 18 has been presented. It might be interesting to con-
sider why only focusing on a tailored vision of SM/Industry 4.0 for SME
may not be sufficient for a future maturity model. Even though having a
tailored vision serves all the SME requirements, it does not allow an SME
to evaluate its strengths and weakness, and therefore an SME should
have a tailored vision after assessing its readiness. The presence of a
“level 0” and the critical shift from “level 0” to “level 1” are very sig-
nificant, and they will need a different set of resources like investments,
human resources, etc. and therefore for SMEs, it becomes vital to have
these two as a separate focus. Similarly, the presence of a self-assessing
maturity model is discussed, but it does not recognize integrating the
maturity model with a readiness tool (which otherwise may be under-
stood differently). For example, in the case of SMEs they need to assess
their present situation with time, and thus readiness tool may not be
ignored. Therefore, the urge is to have a maturity model that will firmly
stand to recognize all the identified research gaps and convincingly
comply with the SME requirements.
As a result of the above discussion we believe a future model that
focusses specifically on SME’s needs is needed. Such a model should
first demonstrate organization’s readiness towards SM with the help of
the activities performed in the SME, and then show how an SME can
create its own tailored vision of SM. A tailored vision will assist in
finding the required tools [90] that can strengthen the organizational
dimensions [91] of SME, and thus guide it towards SM. For example, an
SME currently at “level 0” may be storing data with the help of log-
books/spreadsheets. In order to move towards a SM reality, they need
to adopt a more reliable and accessible data storage system, such as a
cloud-based system [91].
6. Conclusions, limitations and future work
The paper begins with identifying the specific requirements of
manufacturing SMEs, and then a critical review of the present literature
on SM/Industry 4.0 is done. We defined three guiding research ques-
tions that were answered through a comprehensive critical review.
Results of the review show that the reports and papers included in the
literature mainly consider the challenges and requirements of MNEs, as
the identified requirements of SMEs are not fulfilled (see Table 16) by
the present models (RQ1). The unfulfilled SME requirements lead to the
recognition of important research gaps from the perspective of SMEs’
specific needs and realities. As a result, this paper frames three research
gaps that need to be answered in order to understand and support SMEs
in their successful journey towards SM and/or Industry 4.0 (RQ2). The
paper then discusses the research gaps and provide answers based on
the available (extended) literature. The authors’ industrial experience
offered a genuine value to SMEs’ digital transformation towards SM
and/or Industry 4.0 by supporting the development of a future toolkit
and maturity model to answer the research gaps established in this
paper. We also discussed how the identified gaps respond to the SMEs
requirements.The main findings of this study are (RQ2/RQ3):
• A maturity model for SMEs should have a distinctly defined “level 0”
(to focus on fundamental needs, e.g., computerization of core-
business processes and connectivity at shop-floor), which may better
explain the state of many SMEs regarding their current digital and
(smart) automation capabilities. This suggestion assumes that many
MNEs have already started their journey towards SM/Industry 4.0
and a “level 0” allows to reflect the realities of many SMEs and
distinguish their needs from those of the larger corporations.
• The transition from “level 0” to “level 1” may include a drastic
change in the organizational culture of a company (in this case an
SME) as it involves adopting new technologies, organizational cul-
ture, and learning skills, etc. Therefore, this shift may probably take
longer time, require more resources, and involve more unforeseen
problems compared to, e.g., the shift from “level 1” to “level 2” (or a
certain level to the corresponding higher level).
• It is essential that a company considers both the present ‘state/level’
of their organization and the move towards their SM/Industry 4.0
vision with the help of a self-assessment tool. SMEs may not con-
sider hiring a consultant to assess their readiness from time to time
in order to guide their journey. As a result, they need a readiness
assessment tool complemented and deeply integrated within a cor-
responding maturity model.
• There is a need for an SME-tailored vision of SM and/or Industry
4.0. A maturity model can reflect this diversity and may be in-
tegrated with a self-assessing tool, which may be deployed by an
SME manager at various stages in their journey towards SM/
Industry 4.0.
The major limitation of this paper is that it has been developed
mainly based on a literature review without collecting primary research
data. Most of the available literature is focused on more mature en-
terprises as established in the previous section, and thus a certain bias
might be included in the analysis. Furthermore, it did not consider any
cultural or location-based restrictions or influences at this point. While
this might have a considerable impact on the SMEs situation, the cur-
rent body of knowledge does not allow for a critical and thorough as-
sessment of this issue yet. As mentioned earlier, the study includes five
white-papers by consulting companies / technology providers and as
such, might be biased to some extent by the self-interest of the au-
thoring companies.
This paper established a solid foundation towards the development
of a future SM or Industry 4.0 Maturity Model for SMEs by answering
the framed research gaps in this paper. Based on the need identified in
the current paper, the plan is to develop an SME centric model in the
near future. To design such a SM model for SMEs, the results of this in-
depth, literature-based analysis may be verified with the help of pri-
mary data, e.g., using a survey to SMEs.
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Abstract. Technology, human and financial capitals will always be a significant 
constraint for manufacturing Small and Medium-sized Enterprises (SMEs). 
Keeping that in mind, this paper introduces a modular Smart Manufacturing (SM) 
Toolkit for SMEs as a set of technologies, methods, tools, and practices that can 
help manufacturing enterprises to increase their SM capabilities. The modular SM 
toolkit is composed of seven individual specialized toolboxes, which cover both 
technical and business management aspects of a successful digital transformation 
in a manufacturing SME. In addition, the various SME functions that can be 
supported with each individual toolbox are presented as well. The paper 
concludes with two short demonstration case studies as a means of an early 
validation mechanism for the SM toolkit in refinement. 
 
Keywords: Digitalization, SMEs, Industry 4.0, Smart Manufacturing, Intelligent 
Manufacturing, Toolboxes, Toolkit. 
1 Introduction 
The goal of a Smart Manufacturing (SM) initiative is to optimize a production system 
with the help of a set of digital practices, technologies and other enabling factors that 
support the operations of a manufacturing enterprise [1] [2]. The discretion of practices, 
technologies and enabling factors that may be deployed by a manufacturing enterprise 
will depend on the degree of digitalization of its industrial sector (i.e., push-adoption) 
and/or self-conviction in pursuit of a new (digital) competitive advantage (i.e., pull-
adoption). In this sense, it is important to emphasize that developing an SM system 
represents both a technological and managerial challenge [3]. Therefore, shifting 
towards an SM practice should be both profitable and sustainable for a manufacturing 
enterprise. Although, the scientific literature has suggested a number of assessments, 
frameworks, maturity models and roadmaps for supporting the digital transformation 
of manufacturing enterprises towards the development of SM capabilities, the body of 
knowledge is lacking methods, tools and support systems for Small and Medium-sized 
Enterprises (SMEs).  
According to Esmaelian, et al. [4]: “Manufacturing is continuously evolving from 
concept development to methods and tools available for the production of goods for   
use or sale. Traditionally, manufacturing refers to an industrial production process 
through which raw materials are transformed into finished products to be sold in the 
market. However, these days manufacturing is considered to be an integrated concept 
at all levels from machines to production systems to an entire business level operation”. 
The evolution in the definition of “manufacturing” [4] has led to the establishment 
of new requirements for the development of manufacturing toolkits as a set of methods, 
tools, and practices. Different manufacturing initiatives, such as lean manufacturing [5] 
and digital manufacturing [6] have developed their own toolkits over the years that may 
help manufacturing enterprises in their shift towards more efficient production 
operations. These toolkits include a diverse range of items from cutting-edge CAx 
technologies, working tools, managerial principles, training methods, organizational 
practices, etc. However, when it comes to the recent SM initiative [1] [2], there is a 
void, or at least a very limited number, of toolkits aimed at supporting manufacturing 
enterprises (i.e., SMEs), in adopting the new ‘smart’ ways of production operations. 
Therefore, there is a need for systematizing the currently available SM methods, tools 
and practices in a modular toolkit providing a step-by-step and building-block approach 
for SMEs to develop SM capabilities in their own individual manufacturing systems. 
This paper discusses the importance of SM toolkits for SMEs in the context of the 
Fourth Industrial Revolution or Industry 4.0. Section 2 focuses on available toolkits in 
the scientific body of knowledge. Section 3 proposes a modular SM toolkit that aims to 
help SMEs to develop SM capabilities. Following, two case studies validating the 
proposed toolkit are discussed in Section 4. Section 5 presents conclusions and further 
research work. 
 
2 Literature Review 
Toolkits may be considered as the set of organized working methods, physical and 
software tools, and managerial practices [7]. Every toolkit has its own objective. When 
it comes to manufacturing, there are a few toolkits available that may be considered as 
precursors for the development of an SM toolkit. 
[5] categorized different lean tools and methods under five families to develop a 
modular toolkit: (a) JIT (pull-system, takt-time and Kanban systems), (b) TPM (OEE, 
SMED and 5S), (c) Automation (poka-yoke, andon and full work systems), (d) VSM 
(current state map, future state map and flow diagrams), and (e) Kaizen (brainstorming, 
continuous flow, five whys, Pareto-chart and Gantt-chart). The selection of the best 
lean toolkits for manufacturing SMEs has also been discussed in the literature [8], 
emphasizing the toolkits specific SME characteristics. 
A target toolset, or toolkit, for digital manufacturing has been suggested by [6], 
considering five families: (a) manufacturing design and production simulation tools - 
focus on value addition and waste reduction - e.g.: manufacturing planning, layout 
planning, process simulation and lean manufacturing, (b) production automation tools, 
e.g.: CNC machining, remote monitoring, PLC programming, machine vision, RFID 
and barcode technology, (c) robotic tools - which can be an alternative for human labour 
with a positive effect on production rate and quality, e.g.: office programming, material 
handling, welding and trimming, (d) additive manufacturing tools - for cost-reduction 
- e.g.: pre-moulding, prototyping and 3D-printing, and (e) digital scanning and 
measuring (metrology) - for economical design and process innovation, e.g.: 3D-laser 
scanning, reverse engineering and quality assurance.  
[9] mentioned the following tools, or toolkit, for e-manufacturing: (a) predictive 
intelligence (e.g.: agents, algorithms, software), (b) scalable platform, (c) information 
compatibility between devices and business, (d) data-to-information-to-knowledge 
transformation tools, (e) synchronization systems for dynamic decision-making (e.g., 
CRM, SCM, B2B e-commerce systems), (f) tether-free communication systems, (g) 
employee education and training, and (h) flexible enterprise culture.  
Similarly, a toolset or toolkit for small-scale intelligent manufacturing systems has 
been proposed by [3], where three broad categories were defined: (a) ICT as the use of 
information and communication technology for production management, e.g.: agent 
technology, cloud computing, mobile technology and remote monitoring, (b) artificial 
intelligence (AI) techniques in manufacturing as well as technologies like CAD, CNC 
machines, robots and virtual reality, and (c) others technologies like rapid prototyping, 
3D measurements & inspection, reverse engineering and reconfigurable machine tools.  
An Industry 4.0 toolbox has been proposed by [10], for both product and process 
levels, including six distinct toolboxes each. At the product level: (a) sensor and 
actuator integration, (b) communication/connectivity, (c) functionality of data storage 
and information exchange, (d) monitoring, (e) product related IT services, and (f) 
business models. Similarly, at the process level: (a) data processing, (b) Machine-to-
Machine (M2M) communication, (c) company-wide networking with production, (d) 
ICT-infrastructure, (e) man-machine interfaces (HMIs), and (f) efficiency with small 
batches. 
ICT has been considered as a fundamental technology in the aforementioned toolkits 
[3, 5, 6 and 8], but an operationalization perspective has been only offered by the 
Industry 4.0 toolbox [10]. The need of ICT, data and other application technologies 
such as CAD, CAM and recently 3D-printing, are the other vital factors that can be 
observed. Business models, charts, brainstorming, employee education, training, and 
skills enhancement programs are other organizational practices that were contemplated. 
Therefore, the available scientific literature presents several (general) toolboxes from 
both a technical and a managerial perspective. However, based on the literature review 
conducted in SCOPUS and Web of Science databases, there are a limited number of 
SM toolkits. Although there is an Industry 4.0 toolkit [10] available, this covers only 
the technical perspective (i.e., product and process families) and neglects the 
managerial view (i.e., employees’ skills enhancement and business model aspects).  
Due to the imminent pressure by OEMs to digitalize their whole value chains, SMEs 
need more than ever support in their digital transformation. A possible way to effectively 
support SMEs is by providing them with a modular SM toolkit, which can help them to 
follow a step-by-step and building-block approach for the needed actions to adopt SM 
technologies and business practices, and deliver both short-term and long-term results 
to themselves and their value chains. The short-term benefits/results should motivate 
SMEs to lower the entry barrier and start their digitalization journey towards new SM 
capabilities, whereas the long-term benefits should bring new competitive advantages 
to the manufacturing enterprise.  
 
3 Towards a Smart Manufacturing Toolkit for SMEs 
[6] proposed a Digital Manufacturing (DM) toolkit for SMEs. DM allows SMEs to 
virtually prototype and test multiple products and process designs; thus reducing design 
risks and ultimately costs. Whereas, SM will allow/enable SMEs to connect all their 
manufacturing resources with each other and with their products in order to optimize 
their operations. Therefore, there is a need to provide a specific SM toolkit for 
manufacturing SMEs, which is currently not available in literature. 
Table 1 presents a set of toolboxes that integrate and conform the proposed modular 
SM toolkit for SMEs. The proposed SM toolkit has been developed with the help of a 
literature review, discussions with experts from academia based in India, Mexico, and 
the United States, and further refined with the help of SME managers. As a result, some 
of the toolboxes, which were already partially available in the literature, were refined. 
Others, not available yet, were developed as part of this research work. Table 1 presents 
a list of toolboxes and their corresponding features, various technologies, methods, 
tools and practices that are considered under the proposed SM toolkit and the enterprise 
functions that the toolboxes serve (see also Tables 2 to 9).  
 
Table 1: SM Toolkit: Features, Examples and Corresponding SME Functions 




• Used for 
manufacturing. 
• Human involved 








• Deployed during 
design phase & 
simulating 
production  
• Process Simulation, 
CAD,  G-codes,               
3D-printing, etc. 
• Product Design  
• Process Planning 






• Tools that can 
perform 
repetitive work. 
• Automated and 
modular 







• Quality Control and Inspection 
• Reverse Engineering 
• Manufacturing/Production 
Sensors and 
Connectivity              
Tools 
[3] [9] 











• Quality Control 






• Provide space 
for data storage. 
• Stored data is 
shareable by 
host. 




• External Hard-/ 
Optical-Drives, etc. 
• IT 
• Supply Chain Management 
• Storing Investments, 
Expenses, Sales, Payrolls, Tax 
and Compliance, etc. 
Data Analytics 
Tools 
• Support data 
analytics. 




• Decision Making 
• Purchasing & Sales 
• Evaluation Methods/Products/ 
Process/Employees 
• Production Planning 
• Statistical Quality Control 
• Data Management  














• Reading reports, 
Lean Practices, etc. 
• Employee Relations 
• Employee Development  
• Realizing organizational short-
term and long-term goals 
• Change Management 
Strategies 
• Strategic Planning 
• Deploying Standards 
A modular SM toolkit for SMEs must be a stepwise and building-block instrument, 
always considering a continuous improvement process and various maturity levels 
towards developing new SM capabilities. The proposed levels are: (a) novice, when a 
manufacturing SME is not aware of the benefits of adopting SM technologies, (b) 
beginner, when an SME is informed about the benefits of adopting SM technologies 
and has taken the first step towards the adoption of one or more SM technologies, (c) 
learner, when an SME has already started its ‘digitalization journey’ towards SM 
practices, (d) intermediate, when an SME has spent sufficient time, effort and resources 
in practicing the SM paradigm and has develop new SM capabilities, and (e) expert, 
when an SME has realized new competitive advantages through its SM capabilities.  
Tables 2 to 9 present seven toolboxes as key components of the modular SM toolkit 
for SMEs composed by various technologies, methods, tools, and practices (from Table 
1), which act as enablers for the progress of a manufacturing SME through the different 
maturity levels to achieve new, value-adding SM capabilities. Some toolboxes may 
require inputs from other toolboxes for their functioning. Therefore, in Tables’ column 
three, those inputs of other toolboxes are specified. 
 
Toolbox 1 - Fabrication/Manufacturing Tools (FMTs): This toolbox involves 
production processes where humans are directly involved in the operation of different 
machinery tools. It might even be considered as the traditional form of manufacturing. 
This research work assumes the presence of manufacturing machine tools such as lathe, 
mill, etc. at the SME. Table 2 shows the evolution of manufacturing systems based on 
the inputs (enablers) required to move forward to the next SM maturity level [11] [12] 
when developing SM manufacturing/fabrication capabilities. [11] and [12] consider the 
following inputs as enablers to develop new SM capabilities in a manufacturing/ 
fabrication system (see Table 2). The novice level requires working dextrously with 
raw materials that require only hand-tools for their transformation into products, 
whereas at the beginner level, power-tools such pneumatic and/or electric energy 
machines are now needed to work more efficiently with (new) raw materials. At the 
learner level, numerical control machines take the stage at the shopfloor for enabling 
larger production volumes (of parts/products), and for the later introduction of the first 
manufacturing information systems (e.g. CAD in Toolbox 2) & MES) at the inter-
mediate level. As both learner and intermediate stage need to mention the number of 
parts and products, the data analytics (see Toolbox 6) may be used as well. Finally, at 
the expert level, an SME starts to be concerned with the sustainability of its production 
resources, once it has managed to effectively achieving its production objectives.  
 
Table 2: Fabrication/Manufacturing Toolbox (FMTs) and Maturity Levels 
Inputs Required Levels Toolbox 
Raw Materials Novice FMTs 
Energy Beginner FMTs 
Parts Learner FMTs, DATs 
Orders Intermediate FMTs, DATs, DSTs 
Sustainable Resources Expert FMTs 
 
Toolbox 2 - Design and Simulation Tools (DSTs): This toolbox considers the use 
of simulations of how actual production process should work. It involves the digital 
imitation of the manufacturing process environment. DST might be used during the 
design and ramp-up phase of a production line (see Table 3). The design and simulation 
process begins with paper-based designs, next level is when a design environment and 
model are present, a more sophisticated level involves software that can actually 
simulate how a product/part will behave in real-world, subsequently prototypes 
deploying 3D-printing (see Toolbox 3) may be produced using the design in the next 
level, and finally an interface is available for both producers and customers to actually 
interact with the product/part.  
 
Table 3: Design and Simulation Toolbox (DSTs) and Maturity Levels  
Inputs Required Levels Toolbox 
Paper-based design Novice CSTs 
Environment & Model 
 (Design Environment) Beginner DSTs 
Simulation Software Learner DSTs 
3D Prototypes Intermediate RATs 
Interface (Configurators) Expert SCTs 
 
Toolbox 3 - Robotics and Automation Tools (RATs): This toolbox will support 
the elimination of strenuous and repetitive work by means of automation. Robots and 
other automation tools will be able to perform repetitive tasks more efficiently as 
compared to humans. Robots and other automation solutions will need to be installed 
as part of the manufacturing systems. RATs are the first step towards production 
automation. Since RATs need a separate investment, SMEs may consider purchasing 
them on the basis of their critical operations. Therefore, they can be classified in 
different levels that may require new hardware acquisitions during the SM maturity 
journey (see Table 4). The novice level of this toolbox requires manually-operated 
machines, whereas the beginner level involves non-programmable machines, which can 
be controlled by changing their basic parameters like speed, direction, etc. Moreover, 
at the learner level, programmable machines are introduced, while at the intermediate 
level, collaborative robots mimic human-motions and learn with experience. Finally, at 
expert level, the collaborative robots operate by deploying AI. Different families of 
RATs based on their functions have also been considered (see Table 5). 
 
Table 4: Robotics and Automation Tools (RATs) and Maturity Levels  
Inputs Required Levels Toolbox 
Manually-Operated Machines Novice RATs 
 Non-Programmable Machines Beginner RATs 
 Programmable Machines Learner RATs 
Collaborative Robot (mimic human) Intermediate RATs 
Collaborative Robot (based on AI) Expert RATs 
 
Table 5: Robotics and Automation Tools Families and Functions (RATs) 
Family Function 
Quality & Inspection They are used for maintaining quality in the manufacturing systems.  
Pick-n-Place They are used for inter- and intra-departmental transportation. 
 
Toolbox 4 - Sensors and Connectivity Tools (SCTs): This toolbox includes 
sensors that can convert manufacturing processes outputs into readable formats. Their 
installation in machine tools helps to measure the required data for a better production 
management. Thus, helping in networking and sharing the data/information needed for 
a smart production planning and control [13]. The first level of this toolbox requires a 
source in the form of a physical body like raw materials (see FMT) or tools (see RBT), 
the second level requires sensors that can sit on the source, in the third level, the sensors 
will be able to convert the signals in readable formats, at the fourth level, the data can 
be stored, and finally at the expert level the user is able to operate with the help of an 
interface (see Table 6). 
 
Table 6: Sensors and Connectivity Toolbox (SCTs) and Maturity Levels  
Inputs Required Levels Toolbox 
Source Novice FMTs, RBTs 
Sensors Beginner SCTs 
Signals and Converters Learner SCTs 
Storage Intermediate CSTs 
Interface Expert SCTs 
 
Toolbox 5 - Cloud/Storage Tools (CSTs): This toolbox enables to store and share 
data. Nowadays, there is an abundance of online/cloud platforms that provide various 
facilities for data storage and sharing. For SMEs, the CST toolbox (see Table 7) begins 
with registering data by manually entering it in paper-based logbooks or spreadsheets 
to store data, in the second level, data storage is made in built-in hard drives (HDs), 
whereas in the third level, data store is made in shared HDs (i.e., flash drives, intranet, 
etc.), finally as data increases, massive data storage may be required based on cloud 
and/or fog solutions corresponding to the fourth and fifth maturity levels respectively. 
The difference between these two levels is minor as both fog and cloud have similar 
resources and services. But fog is able to reduce network congestion and latency [14]. 
 
Table 7: Cloud/Storage Toolbox (CSTs) and Maturity Levels  
Inputs Required Levels Toolbox 
Registers, Logbooks, 
Spreadsheets Novice CSTs 
Built-in HDs Beginner CSTs 
Shared HDs Learner CSTs 
Cloud  Intermediate CSTs 
Fog  Expert CSTs 
 
Toolbox 6 - Data Analytics Tools (DATs): This toolbox contains methods for data 
analytics. It includes a large family of statistical methods, optimization techniques, 
heuristics, etc. There are five main levels of data analytics [15]. During the first level, 
data collection is done by the input sources mentioned in Table 7; in the beginner level, 
data is cleaned; in the learner level, the meaningful data from various sources is 
combined; at the next level, data is reduced with the help of various rules; and finally 
data is transformed or normalized to avoid, e.g., redundancies (Table 8). 
 
Table 8: Data Analytics Toolbox and Maturity Levels (DATs) [15] 
Inputs Required (Processes) Levels Toolbox 
Data collection Novice CSTs 
Data cleaning Beginner DATs 
Data integration Learner DATs 
Data reduction Intermediate DATs 
Data transformation Expert DATs 
Toolbox 7 - Business Management Tools (BMTs): This toolbox involves a lot 
more than technology. For example, it deals with practices that manufacturing SMEs 
need to develop and follow as part of a new SM culture. This toolkit considers 
managerial oriented aspects towards an SM culture such as employees’ skills 
enhancement, lean culture, employee/employer shared mind-sets, positive 
organizational culture, keeping the organization updated about the latest trends in SM 
with the help of workshops, seminars and reading grey papers. Since this toolbox 
motivates the SME at all levels towards an SM culture and practice, therefore, this 
toolbox is one of the most essential and might be considered as a foundation for 
successfully developing SM capabilities. This toolbox considers also the five maturity 
levels defined for each of the business principles included, since the adoption of new 
business practices comes together with the adoption of the other technology-based SM 
toolboxes and vice versa. Selected BMT tools have been described in Table 9. 
 
Table 9: Business Management Toolbox (BMTs) [Adapted from 16] 
Principle/Practices Description 
Lean Thinking Eliminating all forms of waste in a production process. 
Organizational Culture System where employees share the same set of beliefs and values. 
Employee Involvement Activity where employees (not involved in R&D) can share their ideas, knowledge and play a role in organisation’s decisions. 
Customer Involvement Products are designed based on customer voice/feedbacks. 
Collaboration Products are designed considering supplier feedbacks. 
 
As observed from Tables 2 to 9, a combination of different tools from several 
toolboxes might be required before the stepwise deployment of a particular toolbox. 
Implementing IoT technology requires sensors and actuators to be installed, Wi-Fi 
connectivity, data storage, and data analysis. Therefore, it will need to integrate SCTs, 
CSTs and DATs toolboxes.  
 
4 Demonstration Case Studies 
In addition to introducing the toolboxes as a means of integrating the proposed modular 
SM toolkit, it is important to identify the issues faced by SMEs during their adoption 
as well as how the proposed toolboxes may be deployed. As a result, this paper presents 
two short cases studies, where we present a stepwise deployment of the SM toolkit. 
 
Digital Read Outs in Lathes and Mills: Two seasoned analogue lathe and mill 
machines had been lacking the needed accuracy on the shop floor. Job accuracy was 
mainly dependent on the skill and the experience of their individual operators. 
Considering budget constraints, the SME owner installed digital readouts (DROs). The 
DROs deployment made possible to ensure that the actual displacement with reference 
point is shown on the screen and the operator was no longer expected to set the zero for 
DROs repeatedly. The DROs may be considered as a part of the SCTs toolbox. Since a 
screen was attached to the lathe and mill itself (see Fig. 1), therefore, the wireless 
connectivity was not required in this case. Table 10 presents the various levels for 
installing the DROs in lathe and mill machine tools and shows how the toolbox helped 
the lathe and mill to shift from a “novice” to a “learner” – in the SCT toolbox levels. 
 
 
Figure 1. Smart Lathe (left) and Smart Mill (right) after DROs Installantion 
 
Table 10: SCTs Toolbox for DRO Installation in Lathe and Mill Machine Tools 
Inputs Required Levels Went Through Toolboxes Required 
Lathe/Mill Novice FMTs 
DRO Sensors Beginner SCTs 
Signals, Converters Learner SCTs 
 
Visual Inspection in Garment Industry: The SME was facing problems with 
manual inspections. The defects identification in the garment varied based on the 
subjective judgement of the worker the hour of the day. As a result, to improve the 
consistency in identifying defects and quality problems, an installation of a fabric 
inspection machine was suggested. For this improvement project, the RATs toolbox 
would be used and it will help the SME to make the cloth inspection more consistent. 
The fabric inspection machine will have a light box installed under the platform for 
inspecting the garment, also allowing the worker to adjust the speed of roll. Since the 
visual inspection machine will be operated by a human, therefore, it can be considered 
that the inspection process in the Garment industry shifted from a “novice” to a 
“beginner” (see Table 11). Additionally, if a digital fabric inspection machine is 
installed the fibre defects can be detected with the help of the sensors [17]. 
 
Table 11: RATs Toolbox for Visual Inspection Installation in Garment Industry  
Inputs Required Levels Went Through Toolboxes Required 
Manually-Operated Machines Novice RATs 
Non-Programmable Machines Beginner RATs 
 
5 Conclusions and Further Research 
This paper presents a modular SM toolkit for SMEs consisting of seven individual 
toolboxes. Six toolboxes are technical in nature (fabrication/manufacturing; design and 
simulation; robotics and automation; sensors and connectivity; cloud/storage; data 
analytics), while one is managerial-oriented (business management). Moreover, the 
robotics toolbox has been accompanied with a robotics tools’ families and functions 
sub-toolbox.  
The technically oriented toolboxes have been complemented by selected business 
management tools via the seventh business management toolbox (see Table 9). The 
reason for this seventh toolbox is that to deploy successfully the SM toolkit, a change 
in the SMEs mind-set is required as well as a change in their organizational culture and 
other management aspects. Therefore, the proposed SM toolkit includes both technical 
and business management toolboxes. The stepwise and building-block approach of the 
SM toolkit is matched with SME specific requirements for its easy adoption by SMEs.  
Although, the application of selected toolboxes (i.e. [3], [5], [6], [8] and 10]) has 
been demonstrated in an industrial setting, their full evaluation is a long-term 
commitment. Hence, the full validation of the proposed modular SM toolkit for SMEs 
is part of our planned future work. Our future work will additionally include the 
deployment of all presented SM toolboxes in more SMEs and the development of a 
corresponding SM maturity model for SMEs (SM3E) creating a comprehensive support 
system for SMEs. 
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Abstract. This paper proposes a new Smart Manufacturing Maturity Model for 
small and medium-sized Enterprises (SM3E). The SM3E maturity model supports 
SMEs during the challenging digital transformation journey and paradigm shift 
towards Smart Manufacturing and Industry 4.0 on three-axis: (i) organizational 
dimensions, (ii) toolboxes, and (iii) maturity levels. The SM3E maturity model 
development was based on a literature and critical review as well as interviews 
conducted during industrial visits. During these visits, SME specific requirements 
were collected, assessed and taken into account during the development of the 
SM3E maturity model. Overall, an analysis of maturity levels, based on the 
working methods and toolboxes of our SM3E maturity model will help SMEs to 
progress towards Smart Manufacturing and Industry 4.0. 
 
Keywords: Digitalization, SMEs, Industry 4.0, Smart Manufacturing, Intelligent 
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1. Introduction 
Small and Medium-sized Enterprises (SMEs), especially those in the manufacturing 
sector, have always been considered as the backbone of the economy [1-4] for both 
developed and developing countries. However, their perspective has not always been 
taken into account when it comes to the framing of appropriate Industry 4.0 policies. 
Similarly is the case for the guidelines of Smart Manufacturing Initiatives in countries 
such as the U.S. (i.e., Smart Manufacturing), Germany (i.e., Industrie 4.0) and South 
Korea (i.e., Smart Factory) where specific directions for SMEs are missing [5-6]. These 
SM Initiatives aim at accelerating the growth of the economy by capitalizing on the new 
digital engines of growth (e.g., connectivity, intelligence, and flexible automation) 
offered by the Fourth Industrial Revolution (4IR). Nevertheless, by not considering the 
perspective of SMEs, their confined growth might have adverse effects on the overall 
growth of the economy and creation of true smart global value chains.  
Maturity models are capable of identifying a set of “conditions when the examined 
objects reach the best (perfect) state for their intended purpose” [7]. Although literature 
shows several SM/Industry 4.0 maturity models for large enterprises [e.g., 8-16], it fails 
to present an SME perspective. The organizational dimensions and maturity levels for 
large enterprises need to be altered to reflect the different requirements of SMEs. Thus 
far, there are no “self-assessment methods” for SMEs, which support their digital 
transformation. Therefore, SMEs are often forced to either hire external experts (e.g., 
consultants or service providers), and thus straining their already limited resources, or 
slow down their activities to ramp-up their Smart Manufacturing (SM) journey. 
This paper is divided into five sections. Section 1 presents the overall research 
problem. Section 2 identifies the research gap based on current literature and critical 
review augmented by interviews conducted during industrial visits to SMEs. Section 3 
introduces our SM3E maturity model, a three-axis model composed by organizational 
dimensions, toolboxes and maturity levels. Section 4 presents an exemplary application 
of the SM3E maturity model’s ‘cloud/storage toolbox’ towards the development of the 
SM capability ‘data-driven decision making’. Section 5 concludes the paper with a 
summary of the results, limitations and an outlook on future work. 
 
2. Literature Review 
The most popular, based on citations, maturity models in the literature [8-16] do not 
sufficiently reflected an SME specific perspective and their unique requirements when 
it comes to adopting the SM/Industry 4.0 paradigm. Table 1 depicts nine current 
maturity models that mainly cater for large enterprises and do not represent SMEs’ 
specific requirements. Only [10] has partially considered an SME perspective, but falls 
short in clearly defining ‘organizational dimensions’, thus making its utilization 
unrealistic for SMEs. Hence, organizational dimensions represent the organizational 
areas and/or enterprise functions of an organization, and the maturity levels provide a 
stepwise approach towards “maturity” in each of these organizational dimensions [17]. 
 
Table 1. Maturity Models’ Dimensions and Levels 
Paper Organizational Dimensions Maturity Levels SME Persp. 
[8] 
Nine dimensions: strategy, leadership, 
customers, products, operations, culture, 
people, governance, and technology. 
Not defined. Not considered 
[9] 
Four dimensions: organizational maturity, 
information technology maturity, 
performance management maturity, and 
information connectivity maturity. 
Activity maturing scoring scale 
based on a task-score of 0 to 9: 
not performed (0), initial (1), 
managed (3), defined (5), 
qualitative (7), optimizing (9) 
Not considered 
[10] Not defined. 
Three stage maturity model: 
initial, managed, and defined. 
Considered 
[11] 
Six dimensions: strategy and organization, 
smart factory, smart operations, smart 
products, data-driven services, and 
employees. 
Six stage maturity model: 
outsider, beginner, 
intermediate, experienced, 
expert, top performer 
Not considered 
[12] 
Seven dimensions: digital business models 
and customer access, digitization of product 
and service offerings, digitization and 
integration of vertical and horizontal value 
chains, data & analytics as core-capability, 
agile IT architecture, compliance security, 
legal and tax, and organization employees 
and digital culture. 
Four stage maturity model: 
digital novice, vertical 
integration, horizontal 




Four dimensions: resources, information 
systems, organization structure and 
organizational culture. 
Six stage maturity model: 
computerization, connectivity, 
visibility, transparency, 
predictability, and adaptability. 
Not considered 
[14] 
Four dimensions: information infrastructure, 
(incl. hard- / software), controls & devices 
(e.g., sensors, actuators, motor controls, 
switches, and feed & receive data), networks 
(enabling information exchange), and 
security policies. 
Five stage maturity model: 
assessment, secure and 
upgraded network and controls, 
defined and organized working 




Five dimensions: asset management, data 
governance, application management, 
process transformation, and organizational 
alignment. 
Six level (0-5) maturity model: 
incomplete, performed, 
managed, established, 
predictable, and optimizing. 
Not considered 
[16] 
Three dimensions: smart products and 
services, smart business processes, and 
strategy and organization. 
Four level (0-3) maturity 
model: absence, existence, 
survived, and maturity. 
Not considered 
 
3. Towards a Smart Manufacturing Maturity Model for SMEs 
Maturity models often define each of their levels in terms of components and sub-
components, and the validity of these elements is mainly confirmed with the help of 
industrial surveys [18]. This makes maturity models a viable option to support 
manufacturing SMEs towards successfully realizing SM/Industry 4.0 capabilities.  
Our proposed SM3E maturity model is a three-axis model (see Fig. 1), addresses five 
key organizational areas and/or enterprise functions of an SME, from now on referred 
to as organizational dimensions (X-axis), includes a modular toolkit composed of seven 
individual complementary toolboxes (Y-axis), which supports a stepwise approach 
through five maturity levels (Z-axis).  
 
 
Fig. 1. The Smart Manufacturing Maturity Model for SMEs (SM3E) 
  
By adopting our SM3E maturity model, an SME will be able to assess and place itself 
in one of five maturity levels for each of its five key organizational dimensions. Thus, 
the SME would be able to identify the input and/or support required to reach the next 
level of maturity in an organization dimension, which can be provided by dedicated 
toolboxes. A toolbox enables an SME to perform more sophisticated activities in the 
respective dimension(s). The next sub-sections detail each of the three-axes of the SM3E 
maturity model: organizational dimensions, maturity levels and toolboxes. 
3.1 SM3E Organizational Dimensions 
SM is about the connectivity, virtualization, and data utilization of manufacturing 
systems and beyond. The main focus is on manufacturing operations’ performance. 
However, there are other organizational dimensions, beyond the purely technical ones, 
that have not yet been included in current maturity models. An example of such non-
technical organizational dimensions is “finance”. In order to truly support a holistic 
digital transformation of an enterprise those have to be reflected in the maturity model 
as well. Hence, in order to provide the best possible support to an SME that is willing 
to start its SM journey, the SME must be holistically informed about all the benefits of 
achieving the highest maturity level of the respective organizational dimensions. This 
information will build confidence and motivate the SME to move towards the 
development of SM/Industry 4.0 capabilities. SMEs have to balance different factors 
stemming from the evolution of manufacturing systems [19]. We took this into careful 
consideration when designing the organizational dimensions and sub-dimensions 
included in the SM3E maturity model (see Table 2). They all were selected based on 
the alignment with an SME perspective and their specific requirements and are aimed 
to “mimic” the typical organization structure and basic enterprise functions of a small 
business for easier adoption by SME managers during the SM journey.  
Table 2. Organizational Dimensions and Sub-dimensions of SM3E Maturity Model  
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 Time to Market 
Dimension 1: Finance. This dimension is focussing on how the SME is managing 
its economics (i.e., financial accounting). Existing data is often managed in the form of 
balance sheets, income statements, cash flow statements, and investment portfolios. 
Cost-benefit analysis, budgeting, and costs control, as well as investments risk and 
return management, are the SME’s primary concerns (sub-dimensions). In this sense, 
an accounting computer-based information system can provide a transparent and secure 
method (data) to help SMEs to manage their SM project. 
Dimension 2: People. This dimension considers different organizational and 
cultural aspects such as an encouraging “leadership” and vision towards SM/Industry 
4.0 [8] [20]. An organizational culture that is prepared to learn and evolve as well as to 
look ahead is positive for employee motivation [9] [11] [13] [15], and “customer 
feedback” in product development [8]. However, there may be some additional sub-
dimensions that organizations need to consider, such as employees “safety and 
ergonomics” practices in order to have more productive employees and avoid medical 
expenditure due to occupational accidents. Here, data exists in the form of payroll-
sheets (e.g., number of employees) and work schedules-sheets (e.g., workhours, shifts), 
which can help SMEs to better manage the personnel involved in their SM project. 
Moreover, allowing employees to attend workshops and seminars will help them to 
embrace new working methods and technologies, and up-skill/re-skill themselves (i.e., 
training and education) for the new Industry 4.0 workplace. 
Dimension 3: Strategy. This dimension has been previously discussed in the 
literature [8] [16]. However, this dimension might overwhelm SMEs since they are 
more likely to focus on tactics and operations to run their daily business. When it comes 
to the SM journey, the most important ‘strategy’ for an SME, currently missing in 
literature, is how to utilize its data strategically (i.e., data/information/knowledge 
management). Unlike many large enterprises, SMEs do not have an enormous amount 
of data readily available. However, SMEs have the versatile expertise of their 
employees, who often work in different domains and if their experience is augmented 
by supporting data (i.e., other computer-based enterprise information systems), the 
SME might be able to make better decisions. Similarly, “decision-making” should 
involve employees from different areas, rather than just relying on the instinct and 
limited market research of the SME managers. Moreover, SMEs are not always fully 
aware of the “industrial standards” they need to obey – e.g., new “legal & tax policies”, 
“sustainability guidelines”, and “government regulations” that might benefit their 
growth (i.e., incentives). Therefore, ‘strategy’ is another important dimension of our 
SM3E model, where data occurs in the form of targets, performance metrics, ranks, etc. 
Dimension 4: Process. The steps involved in the transformation of a product from 
raw material to final product fall under the ‘process’ organizational dimension. This 
dimension has been considered by [20] as a key element for measuring the potential of 
an SME for becoming a smart factory. The key aspects (or sub-dimensions) of this 
organizational dimension are: “quality control”, “job scheduling”, “repair and 
maintenance”, “machines operation”, and “flexibility” [21]. Furthermore, data exists 
in the form of process parameters, machine downtimes, etc., documented in manuals 
and spreadsheets. Therefore, it is important to provide clear instructions to support 
employees in the execution of the key business processes of a manufacturing SME (i.e., 
sales, manufacturing, and delivery).  
Dimension 5: Product. This organizational dimension includes the business 
activities (or sub-dimensions) of “logistics”, “new product development”, “packaging”, 
“product modularity”, and “time to market” [21]. In this case, data exists in the form 
of product specifications, the number of products, etc. The ‘product’ organizational 
dimension considers product logistics inside and outside the shopfloor environment, 
the development of new products, and making the product(s) available by reducing the 
time-to-market.          
                                                                                                                                         
3.2 SM3E Maturity Levels 
 
The SM3E model acknowledges the common number of levels in maturity models (e.g., 
CMMI), and considers the following five levels: (i) Novice represents organizations, 
largely unaware of the SM/Industry 4.0 paradigm, (ii) Beginner signifies a recent 
awareness and basic notion of the SM/Industry 4.0 paradigm, (iii) Learner stands for 
an SME that has started to experiment with SM/Industry 4.0 technologies, (iv) 
Intermediate implies successful pilot projects with SM/Industry 4.0 technologies in 
different organizational domains, finally (v) Expert embodies an SME deploying 
SM/Industry 4.0 technologies in a strategic way, and therefore it might be referred to 
as an “SME 4.0”. 
3.3 SM3E Toolkit (Toolboxes) 
A toolkit is a set of methods, tools, and practices that can lead towards a final goal [22]. 
The SM3E maturity model toolkit is composed of seven toolboxes: (i) manufacturing/ 
fabrication toolbox, (ii) design and simulation toolbox, (iii) robotics and automation 
toolbox, (iv) sensors and connectivity toolbox, (v) cloud/storage toolbox, (vi) data 
analytics toolbox, and (vii) business management toolbox (please read [22] for details 
on the SM toolkit). The rationale behind these seven toolboxes is to include various 
technologies, skills and business practices that can serve both the technical and 
managerial aspects required in an SME to adopt the SM/Industry 4.0 paradigm. 
 
4. Exemplary Usage of the SM3E Cloud/Storage Toolbox 
Due to pages length limitation, only the application/usage of the SM3E maturity model’s 
cloud/storage toolbox will be detailed in this paper as an example. The toolbox focuses 
on “data/information storage support” as an enabler for “data-driven decision making”, 
and it needs different “input requirements” depending on its maturity level like 
registers, logbooks and spreadsheets (novice), built-in hard drives (beginner), shared 
hard drives (HDs) (learners), cloud computing (intermediate), and fog computing 
(expert) in order to create a “data-rich environment” to successfully support decision- 
making in an SM environment (see Table 3).  
Table 3. SM3E Maturity Model’s Cloud/Storage Toolbox 
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Table 3 illustrates that not all organizational dimensions, in this case ‘strategy’, are 
affected by the cloud/storage toolbox. Additionally, some toolboxes may depend on 
other toolboxes/toolbox to perform their function. For example, the data stored in Table 
3 have to be analyzed with the help of data analytics toolbox to truly create a “data-
driven decision making” capability. The first level (novice) of data analytics toolbox is 
data collection, which is performed by the cloud/storage toolbox. The other maturity 
levels are data cleaning (beginner), data integration (learner), data reduction 
(intermediate) and data transformation (expert) respectively. These maturity levels are 
performed utilizing various statistical, optimization, machine learning, and artificial 
intelligence techniques. In case an SME uses only registers, logbooks and spreadsheets 
for their data collection, they can only support some short-term decision making 
processes, like planning for the number of products to be manufactured, the scheduling 
of workers shifts, etc. They will not be able to know the exact position of their product 
within the supply chain (i.e., traceability). On the other hand, if they can store data in 
the cloud (intermediate level), they might be able to get the shared and updated data 
from their customers, and therefore, they might be able to make better medium- and 
long-term decisions on the number of products to be produced and the scheduling of 
workers shifts. Similarly, they may now have the capability to know the location of 
their products across the supply chain. As an SME shifts towards the ‘expert’ maturity 
level, its overall awareness of its operational system increases. Thus, leading to a better, 
more mature, “data-driven decision making” capability.  
 
5. Results, Limitations and Future Work 
This paper introduced our new SM3E maturity model composed of five organizational 
dimensions, seven toolboxes and five maturity levels aimed at support manufacturing 
SMEs in their digital transformation towards SM/Industry 4.0. 
An exemplary case based on the SM3E maturity model’s cloud/storage toolbox was 
presented to showcase how data is stored and utilized based on the different 
organizational dimensions and maturity levels. This includes the use of different 
technologies from the toolboxes in order to create a “data-driven decision making” 
capability for the SME. Furthermore, it was illustrated how the different SM3E maturity 
model’s toolboxes work together, in this case, to enhance the “data-driven decision 
making” capability in the discussion, i.e., the data analytics toolbox with the 
cloud/storage toolbox. 
The limitation of this paper is that it presents only one (digital) capability: “data-
driven decision making”, which can be performed by deploying in this case the cloud/ 
storage toolbox in combination with the data analytical toolbox.  
Future work will focus on the refinement and validation with SMEs of the proposed 
SM3E maturity model, and the later development of the adoption guidelines. 
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Abstract 
Smart Manufacturing (SM) enables companies to perform processes more effectively and efficiently, ensuring faster demand fulfillment on the 
one hand, and a reduction of production costs on the other hand. Thus, SM can provide a competitive edge for manufacturers that successfully 
adopt it. In the process of adopting SM, building blocks play a critical role and can be seen as prerequisites. Managers of manufacturing companies 
are interested in learning what building blocks are relevant and can help make their operations smarter and more competitive. Our paper is a first 
attempt to answer this question through presenting the most frequently used building blocks for SM adoption. In order to achieve this objective, 
we conducted a systematic mapping review to identify both building blocks as well as current methods for adopting SM. In a next step, we 
matched the building blocks with the adoption methods. This matching of building blocks with the adoption methods helped in determining 
whether a building block actually recommended in the methods for adopting SM. We found that intelligent control, data analytics, IT-based 
production management systems (e.g., ERP, CAx, etc.), smart products/parts/materials, interoperability, data sharing systems and standards are 
the most commonly used building blocks for manufacturers that are aligned towards adopting SM. As a consequence, the future manufacturing 
workforce needs to be prepared to understand analytics, sensors, etc. The results also showed that, although building blocks such as blockchain, 
robots, visual technology, and 3D printing may find their application in specific manufacturing sectors, overall, they are less commonly associated 
with SM adoption compared to the other building blocks. 
© 2019 The Authors. Published by Elsevier B.V.   
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1. Introduction
The efficient processes of Smart Manufacturing (SM)
systems are able to scale themselves depending on the demand, 
making SM highly responsive to the change in demands [1]. 
The connected systems in SM minimizes the chances of 
miscommunication by ensuring that all employees are aware 
about: What is required? Where it is required? How much is 
required? What are the individual responsibilities? and Which 
machines will be deployed to serve these requirements? 
Machine downtime is reduced with the help of predictive 
maintenance, and the product designs are directed with the help 
of advanced simulated designs. Waste reduction, employee 
safety, identifying new business opportunities and markets, etc. 
are some of the other benefits of SM. 
Moreover, various governments have launched their own 
initiatives to transform their manufacturing industries. For 
example, the governments of Germany, the U.S., and South 
Korea have started assisting and informing their respective 
manufacturing industry through initiatives such as Industry 4.0 
(Germany), Smart Manufacturing (U.S.A.), and Smart Factory 
(South Korea) – from here on, we refer to these initiatives as 
Smart Manufacturing (SM). These initiatives are supposed to 
assist manufacturing companies in form of a smoother 
transformation towards SM. However, many manufacturers 
still lack a solid understanding of the prerequisites for, e.g., 
exploiting available data and aligning themselves towards 
adopting SM. 
Publication VI (to be published)
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Experienced researchers [2] have suggested technologies 
such as the Internet of Things (IoT), Additive Manufacturing 
(AM), machine learning, Cyber-Physical Systems (CPS), etc. 
to be the main building blocks of SM. A current article in                 
the Huffington post [3] mentioned that 3D Printing, IoT, 
nanotechnology, cloud computing, next-level robotics, and 
augmented reality are the technologies that transformed                   
the manufacturing industry in 2016. Similarly, Forbes [4] 
suggested that advanced analytics, cloud computing, advanced 
modelling and simulation, IoT platforms, optimization, and 
predictive analytics are the most invested technologies in                
the manufacturing industry. According to this article [4],                 
the market for Artificial Intelligence (AI) will grow from $8B 
in 2016 to $72B in 2021. Similarly, the market for blockchain, 
3D Printing, advanced robotics, IoT, and advanced analytics 
are also estimated to grow significantly between 2016 to 2021. 
These overwhelming findings might entice the manufacturers 
to invest in some or all of those SM building blocks. During 
our literature review, we found that there are different terms 
used for the components of an SM system, e.g., technologies, 
standards, characteristics, etc. Therefore, in order to align the 
different perspectives, in this paper, we will use the term 
‘building blocks’ as a generic term encompassing all different 
variations used previously. However, the question remains, 
whether the building blocks suggested in the above paragraph 
are really the relevant and essential ones that manufacturers 
should prioritize investing in? Although, the adoption of 
building blocks will depend on the nature of the industry and 
the kind of processes that the company plans to improve [5], 
the literature suggested that there are a number of common 
building blocks that might help industries across the board, 
irrespective of the specific nature of their work. These building 
blocks are expected to facilitate the transition of manufacturing 
companies by making the individual departments more efficient 
and workers more productive.  
Hence, the objective of the current research work is to 
inform industry managers about the essential building blocks 
that should be considered when adopting SM. Utilization of 
building blocks is also important because it will help the 
manufacturers to compete with the other players in the market, 
some of whom might have already started their journey towards 
SM. Highlighting the above objective; we define the research 
question of our study as follows: 
 
RQ: What are the most frequently used building blocks to 
adopt SM? 
 
In order to address this research question, the rest of the 
paper is organized as follows. Section 2 presents the detailed 
methodology for identifying the relevant articles regarding             
the SM building blocks, and the articles concerning adoption 
of SM in manufacturing industries. The following, Section 3 
presents a literature review on the building blocks identified 
and the methods suggested for adopting SM. In Section 4, the 
results and the answers to the posed research question have 
been discussed, and finally, the Section 5 presents the 
conclusions, limitations, and the future work of the current 
research. 
 
2. Research Methodology 
Systematic mapping studies can unbiasedly categorize and 
summarize the information concerning a research question [6]. 
Therefore, we chose the approach of systematic mapping study 
for our current research work. Our study follows the principle 
guidelines provided by other studies [6,7]. Fig. 1 depicts the 
general setup of our study and provides a detailed overview of 
the methodology. In the following, we illustrate the main steps 
of our methodology expanding on Fig. 1:   
 
Step 1: Identifying the building blocks for SM.  
 
In this step, we identified the building blocks related to SM 
with the help of keywords searched in the following databases: 
Web of Science and Google Scholar. “Smart Manufacturing” 
and “Building Blocks” became a natural choice for keywords 
in the search, since the building blocks for SM were to be 
identified. Furthermore, we limited our search results by 
considering only review articles, assuming that they will 
acknowledge the building blocks determined by the other 
articles. Therefore, we used the following search string: “smart 
manufacturing” and “building blocks” and “review”. 
The above search criterion was complemented by an initial 
screening criterion. For the initial screening, the title and 
abstracts of the articles were read, and the articles that did not 
presented a review of SM building blocks were removed. 
Finally, it was found that only fifteen articles presented a 
comprehensive review on the building blocks for SM.  
Fig. 1. A schematic for the methodology deployed in the paper. 
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At this stage, we applied a second search criterion. In case 
an article considered just a single building block for SM 
adoption, we excluded it (for example, in case interoperability 
was referred to as the building block for SM, and then the 
review was performed on interoperability). Including such 
articles would have repeated the building blocks that have 
already been covered in the review articles. At this stage, our 
database was left with six review articles. Then, all the articles 
were read carefully, and it was found that some articles did not 
present their methodology in a clear manner, and hence, these 
articles were also not considered. Finally, we identified four 
review articles focused on building blocks for SM. 
 
Step 2: Identifying the methods for adopting SM. 
 
In order to find methods supporting the adoption of SM, a 
combination of keywords was used. “Industry 4.0” and “smart 
factory” are similar to SM, and similarly, models, framework, 
roadmap, and architecture are similar to “methods”. Therefore, 
the following combinations of keywords were utilized for our 
database search: 
 
“Smart Manufacturing” and “Methods”; “Smart 
Manufacturing” and “Models”; “Smart Manufacturing” and 
“Framework”; “Smart Manufacturing” and “Roadmap”; 
“Smart Manufacturing” and “Architecture”; “Industry 4.0” 
and “Methods”; “Industry 4.0” and “Models”; “Industry 
4.0” and “Framework”; “Industry 4.0” and “Roadmap”; 
“Industry 4.0” and “Architecture”; “Smart Factory” and 
“Methods”; “Smart Factory” and “Models”; “Smart 
Factory” and “Framework”; “Smart Factory” and 
“Roadmap”; “Smart Factory” and “Architecture” 
 
For the screening purpose, the title and abstracts of the 
papers were read to make sure that these papers present 
sequential steps towards achieving SM / Industry 4.0 / Smart 
Factory only. As a result, the articles that did not show the steps 
or were aligned towards only a specific building block (e.g., 
methodology towards adopting CPS) were not considered. At 
this stage, there were 46 articles. Finally, these articles were 
read to identify if there were specific items (e.g., utilization of 
M2M communication [8]) that needed to be present or 
activities (e.g., analytic studies conducted for pricing [9]) that 
were required to be performed at different stages, during the 
manufacturing industry’s journey towards SM. If these items 
were present in an article, then only the article was considered 
to provide a method for adopting SM. In other words, only             
the papers that showed steps towards adopting SM were 
considered. Finally, it was found that only 17 articles suggested 
methods for adopting SM following our selection criteria. 
 
Step 3: Mapping building blocks with the methods of 
adopting SM. 
 
The various building blocks (identified in Step 1) associated 
with SM were searched in the articles that presented methods 
of adopting SM (identified in Step 2). Different authors have 
used different terminologies for different keywords, as a result, 
the similar terms corresponding to a building block were also 
searched. The context of the keyword was read to confirm 
whether the building block has been adopted from the 
perspective of achieving SM. Only in such cases, a building 
block was considered to be present in the method of adopting 
SM. Mapping helped in identifying the most frequently used 
building blocks for adopting SM. 
 
Step 4: Present results and Discussion. 
 
Finally, during this step the results and conclusions were 
drawn to find the possible answer to the research question of 
the current study. 
3. Literature Review 
This section presents a literature review of the building 
blocks (Section 3.1) and the adoption methods (Section 3.2) 
corresponding to SM. 
3.1. Building Blocks of SM 
The current research deals with the building blocks that are 
required for SM. Review studies and surveys [10,11,12,13] 
mention a list of building blocks. The review articles that 
identify the building blocks of SM are discussed below and 
summarized in Table 1. 
Mittal et al. [10] identified five characteristics, eleven 
technologies, and three enabling factors that are associated with 
an SM system. A characteristic was defined [10] as a property 
peculiar to an element, which can be varied to make those 
elements look similar or different. Technology was considered 
[10] as a practical application of science, and the enabling 
factors are the standards and managerial practices that an 
industry needs to follow. 
Ghobakhloo [11] did a systematic- and content-centric 
review of literature and identified twelve design principles and 
fourteen technology trends. According to [11], the design 
principles provide appropriate procedures for developing 
solutions towards knowledge. Whereas, the technology trends 
refer to the advanced digital technological innovations. 
Xu et al. [12] considered selected technologies for Industry 
4.0 with the help of a literature review.  
 
Table 1: Details of review articles focussed on SM/Industry 4.0 
# Article # of articles reviewed Review approach Term(s) used synonymously for building blocks 
1 [10] 67 Systematic literature review Characteristics, technologies and enabling factors 
2 [11] 178 Systematic- and content-centric review Key design principles and technology trends 
3 [12] 60+ Literature review Technologies 
4 [13] 110 Qualitative and segmentation methods Technology tools 
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Saucedo‑Martinez et al. [13] developed categories for 
Industry 4.0 technologies with the help of qualitative and 
segmentation methods. The categories were decided in a way 
that all the reviewed items belong to a single category and the 
possible connection between the categories can be avoided. 
Table 1 illustrates the article reference, the number of 
articles they reviewed, the approach taken for the review, and 
the synonymous terms used for “building blocks”. It can be 
observed (see Table 1), that there are different terms (as a 
result, in the current research, “building block” is used as a 
generalized term) for denoting the building blocks among 
which technology was the most popular. The number of articles 
reviewed, the review approaches deployed, and the years of 
publication minimized the probability of excluding a building 
block that has been already established in the literature. 
Table 2 mentions the building blocks that were proposed in 
the review papers [10,11,12,13]. It can be observed that most 
of the building blocks (e.g., IoT, data analytics, cloud 
computing, cyber-security, integration, etc.) that were defined 
by the review papers are repeated, and similarly, some building 
blocks (e.g., integration, vertical integration, and horizontal 
integration) were found to be similar. The review performed by 
[10] handled this case of similarity by considering the principle 
of semantic similarity. According to the principle of semantic 
similarity [14] the distance between two terms depends on              
the likeliness of their meaning/semantic content. Thus, [10] 
clustered various similar terms under the same heading (see 
Appendix A). As a result, to avoid missing a search term used 
by a methodology to adopt SM (Step 3), the current research 
utilized the search list prepared by [10] (see Appendix A). 
 There are building blocks that are presented by other 
reviews [11,12,13], but are not present in [10]. Such building 
blocks have been highlighted in bold in Table 2. Some of these 
building blocks can also be clustered into the existing list by 
[10]. However, other building blocks cannot be included in            
the existing clusters (presented in bold and italics in Table 2) 
following the principle of semantic similarity. As a result, two 
new technological clusters (i.e., blockchain and robots) were 
added to the existing list of technology clusters in [10] (an 
updated list of clusters with building blocks is presented in 
Appendix A, where the newly added building blocks and 
clusters are highlighted in bold). With time, more researches 
have considered blockchain and robots as building blocks for 
SM, and therefore, they are the new items in the technology 
cluster. Corporate Social Responsibility (CSR) are the ethics 
that industries should follow but they do not contribute towards 
the industry adopting SM, and product personalization is                  
an outcome of the other building blocks of SM [15]. As these 
three design principles [11] were not found relevant from a 
manufacturer’s perspective, therefore, they are not considered 
as building blocks in the current study. 
3.2. Methods for adopting SM 
For the process of identifying the methods for adopting SM, 
it was important to understand the perspective reflected in the 
literature and to lay a strong foundation for the research 
question. During the current research, various methods with a 
focus on adopting SM were identified. During the search for 
relevant articles, the authors made sure that selected articles do 
not focus exclusively on any single one of the identified 
building blocks; otherwise, the results of the current study 
would have been biased. Literature suggests adopting SM by 
using frameworks, maturity models, readiness assessments, 
and roadmaps. These terms are similar, but they have some 
differences as well [16]. Frameworks include the coherent 
procedures for designing a system [17]. Maturity models 
follow continuous improvement step-by-step process to reach 
to a more sophisticated stage  [18]. Readiness assessments 
evaluate the preparedness of capabilities towards a particular 
goal [19], whereas roadmaps show procedures to achieve short- 
and long-term goals with the help of a specific technology [20]. 
The current paper considered the assessment items or the 
activities, in the steps towards adopting SM to identify if a 
building block was present in the adoption methods. It can be 
observed that the majority of the SM adoption methods were 
published as a conference paper or a white paper (and one study 
was published as a book chapter) (see Table 3). 
Therefore, it can be safely assumed that adoption of SM in 
manufacturing is still at a very early stage, and this is also a 
reason why there are very few articles comprehensively 
reporting on successful cases available for this topic. Similarly, 
it can also be observed that all SM adoption methods were not 
supported by the demonstration/evaluation cases. However, ten 
out of seventeen methods have been already demonstrated 
and/or evaluated in real manufacturing applications, therefore, 
studying these approaches might be beneficial when studying 
the adoption of SM in manufacturing companies. Additionally, 
the methods of adopting SM that we selected have all been 
published between 2015-2018, thus it is ensured that only 
recently published adoption methods are included. 
 
 
Table 2: Building blocks corresponding to the reviewed articles on SM. 
# Article Proposed building blocks 
1 [10] Characteristics: compositionality, context awareness, heterogeneity, interoperability, modularity. 
Technologies: 3D printing/AM, cloud manufacturing, CPS/CPPS, cyber security, data analytics, energy saving/efficiency, intelligent control, 
IoT/IoS, IT-based production management, smart product/part/material, visual technology. 
Enabling Factors: laws and regulations, innovative education and training, data sharing systems and standards. 
2 [11] Design Principles: IoT (Internet of Things), IoS (Internet of Service), IoP (Internet of People), IoD (Internet of Data), cloud computing, big 
data analytics, blockchain, cybersecurity, augmented reality, automation and industrial robots, additive manufacturing, simulation and 
modelling, cyber-physical systems (CPS), semantic technologies. 
Technology Trends: service orientation, smart product, smart factory, interoperability, modularity, decentralization, virtualization, real-time 
capability, vertical integration, horizontal integration, product personalization, Corporate Social Responsibility (CSR). 
3 [12] Technologies: CPS, IoT, cloud computing, blockchain, industrial information integration and other related technologies. 
4 [13] Categories: big data and analytics, autonomous robots, simulation, horizontal and vertical integration, Industrial Internet of Things (IIoT), 
cyber-security, augmented reality, cloud (for sharing). 
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4. Results and Discussion 
Fig. 2 depicts how frequently the SM building blocks were 
deployed by the identified methods of SM adoption. While 
there are 17 methods, only 16 considered a single individual 
building block (intelligent control (I) ), thus determining the 
scale of Fig. 2. The most interesting results from the Fig. 2 have 
been selected and discussed in greater detail below. Roman 
numerals (I – VII) have been put at the end of selected building 
blocks during the discussion below and in Fig. 2 (e.g., 
Intelligent control (I)) to facilitate readability. 
Intelligent control (I) comprises algorithms that can 
improve the system performance [10]. For example, the system 
knows when it needs to stop, or change its actions based on the 
requirements. During the current study, it was found that the 
adoption methods emphasized on responsiveness, scalability, 
etc. (the intelligent control cluster). These aspects are not very 
new for the manufacturing industries. However, it is surprising 
to see that all articles that included case studies had 
demonstrations and/or evaluations for intelligent control. For 
example, the use of autonomously guided work pieces [26].  
Manufacturing companies’ hesitation towards data sharing 
and following standards (for e.g., ISO 50001) (II) are often 
discussed. However, in the current study, it is interesting to find 
that all ten SM adoption methods with cases were considering 
use of data sharing systems or following the standards. This 
might be the case due to the reason that, for most of the cases 
the data sharing was within the company or between the sister 
companies. 
Interoperability (III) was the building block used for fifteen 
times for SM adoption. This cluster included system- 
integrability, networkability, connectivity, etc. The cases in this 
cluster were demonstrated and/or evaluated considering the 
aspect of connectivity.  
Technologies such as blockchain (IV) and 3D Printing (IV) 
are in their early stage when it comes to value-adding, regular 
applications in manufacturing. This might be the reason why 
these were the least frequently utilized building blocks in the 
adoption methods. Blockchain in manufacturing was found to 
be not deployed at all as of yet. Robotics (IV) and 3D Printing 
Table 3: Methods for adopting SM in manufacturing. 
# Adopting 
SM 
Methodology Type of article Case Study 
1 [8] Maturity Model Conference paper   
2 [9] Maturity Model Conference paper   
3 [21] Framework Conference paper  
4 [22] Model-based 
requirement 
engineering 
Conference paper   
5 [23] Roadmap Conference paper   
6 [24] Architecture Conference paper   
7 [25] Roadmap Conference paper  
8 [26] Readiness 
Model 
White paper   
9 [27] Roadmap Conference paper  
10 [28] Roadmap White paper  
11 [29] Roadmap White paper  
12 [30] Multi-criteria 
Decision 
Making 
Conference paper   
13 [31] Roadmap White paper   
14 [32] Maturity Model Conference paper  
15 [33] Maturity Model Book chapter   
16 [34] Maturity Model Conference paper   
17 [35] Maturity Model White paper  
 
Fig. 2. Clustered bar chart showing frequently used building blocks for smart manufacturing adoption.                                                                                                        
The building blocks with unexpected results have been shown with roman numerals, for e.g. Intelligent Control (I) and are discussed in this section. 
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(IV) are oriented towards the advanced level of manufacturing, 
and their practical applications are still limited to perform 
specific tasks (e.g., transportation, prototyping) in the 
manufacturing industries. As a result, robotics and 3D printing 
were rarely suggested by the adoption methods. Another reason 
why these otherwise popular methods (i.e., blockchain, 3D 
Printing, robotics) are not included might be the differentiation 
of SM, focusing on manufacturing data utilization, and 
Advanced Manufacturing, focusing on manufacturing process 
technologies. 
It was surprising to see that the IoT/IoS (V) building block 
has been acknowledged only in eight out of the seventeen SM 
adoption methods. It may have happened for a few reasons. 
Firstly, there is a separate building block (smart parts/products/ 
materials) that considered the use of sensors, RFID, etc. in 
manufacturing, therefore, it reduced the number of times 
IoT/IoS might have been used. Secondly, the IoT/IoS building 
block mostly has applications in logistics and smart home 
devices [36], but the current research only considers deployment 
of IoT/IoS from the perspective of manufacturing operations.  
Another surprising finding was related to the energy saving/ 
energy efficiency (VI) building block. It can be observed that 
six out of seven articles that involved a case study, recognized 
the energy saving/energy efficient building block. We believe 
this is grounded in the fact that energy was considered mostly 
as an assessment item, e.g., energy consumption reduction [33]. 
It was also surprising to find that the building block - 
innovative education and training (VII) was considered only by 
nine of the seventeen adoption methods. This shows that either 
the studies were considered purely from the technical 
perspective or employee education and training is assumed to 
already be present and sufficient in the manufacturing 
organizations. 
5. Conclusion 
This article adds to the body of knowledge by identifying 
the most frequently used building blocks for SM adoption. 
Thus, guiding manufacturers in their journey to be efficient and 
cut down the cost of production. In this regard, twenty-one SM 
building blocks and seventeen methods for SM adoption were 
identified. Finally, the building blocks were mapped through 
the method of adoption. This approach is referred to as 
systematic mapping review. Our results aim to inform and 
support industrial managers in their quest by providing them 
with information about the most frequently used SM building 
blocks, which they might want to consider in their journey 
towards SM. The main findings of the study are:  
Intelligent control, data analytics, smart products/parts/ 
materials, and IT-based production management systems are 
the most frequently deployed building blocks for SM. 
Therefore, in the future, possessing only in-depth knowledge 
of the manufacturing processes might not be sufficient for a 
manufacturing/production engineer any longer, rather this 
knowledge needs to be supported with the understanding of 
algorithms, sensors, and statistical analysis that can bring 
smartness at the different levels (parts, machines, departments, 
etc.) of a SM system. 
Although blockchains, robots, and 3D Printing are 
considered among the most promising building blocks of SM, 
we found in our study that these building blocks are still too 
advanced to be considered as the most frequently utilized 
building blocks by manufacturers. For now, their applications 
are restricted to some specific areas of manufacturing. 
Similarly, IoT/IoS is often regarded as the core or fundamental 
technology for SM systems, but their use up until today seems 
to be restricted to mostly logistics and smart home applications. 
We found that interoperability as a building block for SM 
has been highly regarded in the literature. Similarly, the study 
showed that the SM adoption in manufacturing industries show 
a very high inclination towards data sharing within the 
company and following common industrial standards. 
SM adoption is a rising trend, and therefore, in the future, 
more studies are expected to consider this aspect. The present 
study had only seventeen articles to work with and it should be 
considered as an initial study towards finding the most 
frequently used building blocks for SM. In the future, these 
findings should be supported by empirical data, such as surveys 
involving manufacturing practitioners, service providers, 
academics, and consultants. Furthermore, the current study 
used only “building blocks” as a search term; but there might 
be other similar keywords that are used in literature, and from 
this perspective some other or additional building blocks of SM 
might emerge. Therefore, future studies should also consider 
using search terms that are similar to building blocks. 
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Appendix A. 
 
The clusters corresponding to the characteristics, technologies and enabling factors associated with Smart Manufacturing [10], 
(the new building blocks are shown in bold). 
 
Clusters Name of Characteristics Name of Technologies Name of Enabling Factor 
Compositionality Compositionality    
Context Awareness Digital Presence, Context Awareness, Asset, Self-awareness 
   




Integrability, Decentralized, Distributed 
   
Modularity Composability, Modularity    
3-D Printing / AM  3- D Printing / Additive Manufacturing   
Cloud Manufacturing  
Real-time Communication / Data, 
Cloud Computing / Cloud 
Manufacturing 
  
CPS / CPPS  
Cyber-Physical Infrastructure, CPS 
(Cyber-Physical Systems) / CPPS 
(Cyber-Physical Production Systems) 
  
Cyber Security  Cyber Security   
Data Analytics  
Big Data, Data Analytics / Big Data 
Analytics, Predictive Analytics, Data 
Visualization, Modeling, GIS, 
Simulation, Forecasting, Machine 
learning, Knowledge Decision Making 
Techniques, Statistical Process 
Control, Semantic Technologies 
  
Energy saving / efficiency Sustainability Energy Saving / Efficiency   
Intelligent Control 
Scalability, Autonomy, Adaptability, 
Robustness, Flexibility, Fully 
Automated, Proactivity, Reliability, 
Agility, Responsiveness, Accuracy 
Intelligent, Intelligent Control   
IoT/ IoS  IoT / IoS / IIoT/ IoP/ IoD   
IT based Production 
Management 
 
ERP, SCM, MES, PLM, Interface 
(SCOR, DCOR, MESA, ISA 95/88), 
CAM, CAD, CAx, Operations 
Planning, IT based Production 
Management, Service orientation 
architecture (SOA) 
  
Smart Product / Part / 
Material Reusability, Resilience 
Smart Sensors, Smart Product / Part, 
RFID, Smart Materials, Tracking and 
Tracing 
  
Visual Technology  Holograms, VR (Virtual Reality), AR (Augmented Reality)   
Blockchain  Blockchain   
Robots  Autonomous and Industrial Robots   
Law and regulations   Law and regulations 
Innovative education and 
training 
  Innovative education and training, Knowledge 
workers 
Data sharing systems and 
standards     
Data sharing systems and 
standards, Enterprise 
Integration, MTConnect, 
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Abstract. Smart Manufacturing (SM) a revolutionary paradigm that aims to improve 
production systems’ performance in terms of quality, time, cost, and flexibility, as well 
as human and machine decision-making capabilities. Most large enterprises have 
already taken first steps towards adopting SM. Small and Medium-sized Enterprises 
(SMEs) on the other hand, are struggling with developing a SM adoption roadmap. Our 
research builds on the real and perceived needs and challenges faced by manufacturing 
SMEs and advances the field by developing and evaluating an SME-specific ‘SM 
adoption framework’. We have employed a multiple case study approach to 
acknowledge the lessons learned by selected early-adopter SMEs that have recently 
implemented and deployed SM tools and practices. We propose an SM adoption 
framework with five vital steps that SMEs interested in SM should follow: (i) identify 
manufacturing data available within the SME, (ii) readiness assessment of the SME 
data-hierarchy steps, (iii) developing SM awareness of SME leadership and staff, (iv) 
develop a SM tailored vision for the SMEs, and (v) identify appropriate SM tools and 
practices necessary to realize the tailored SM vision. Moreover, the results of the case 
study analysis enabled us to formulate many generalisations.  
 
Keywords: Smart Manufacturing, Industry 4.0, SMEs, Case Studies, Adoption 
Framework, Readiness Assessment.  
1 Introduction 
Smart Manufacturing (SM) is the integration of Information Technology (IT) and data with 
different manufacturing technologies, processes, and resources (i.e., Operational Technology 
(OT)) (Marr 2015). Various international governments (e.g., SM - USA, Industrie 4.0 - Germany, 
Smart Factory - South Korea) have proposed similar SM initiatives to facilitate the development 
of their own manufacturing industries (Thoben et al., 2017; Srai et al. 2016). As a result, these 
titles were used synonymously in this paper. Moreover, customized product developments, 
efficient production planning of manufacturing resources, precise control of manufacturing 
 
processes, automatic manufacturing processes monitoring, proactive maintenance, and quality 
control are some of the benefits of SM (Tao et al. 2018; Zheng et al. 2018). All these benefits result 
in an overall improvement of a production system performance, including humans and machines 
decision-making capabilities (Wang et al. 2018). The objective of SM is to use real-time 
transmission and analysis of data to create a positive impact on all aspects of operations performed 
across the factory (O’Donovan et al. 2015; Qi and Tao 2018; Bryner 2012). Although data has 
always been there in the manufacturing enterprises, its importance has been just realized in recent 
times only (Tao et al. 2018). Therefore, industries need a practical framework that can assist them 
with the typical stages of data-driven decision-making i.e., data generation, data storage, data 
transmission and data analysis (Tao et al. 2018).  
SMEs act as suppliers of many large enterprises and thus play a vital role in many value creation 
processes along the supply chain (Müller, Buliga and Voigt 2018). They are also regarded as the 
backbone of most economies (Jankowska, Götz and Główka 2017; Sommer 2015; Husin and 
Ibrahim 2014; Schiersch 2009). However, they often lack behind when it comes to innovation and 
competitiveness and thus can impede the overall growth of their national economies (Nkwe 2012; 
Kongolo 2010; Lukács 2005). Hence, SM is an initiative that can help SMEs by providing them 
with a competitive edge and making them more efficient players in their supply chains. 
Nowadays affordable smart sensors and wireless networks can capture SMEs products’ lifecycle 
data (Chiang and Lee 2017; Kusiak 2017; Wang et al. 2012; Zhong et al. 2017; Zhong 2018). 
Analysis of data does not require supercomputers anymore (Marr 2015; Syafrudin et al. 2019), and 
economical cloud and fog computing make data easily approachable (Marr 2015), e.g.: cloud 
computing services provided by Amazon and Alibaba (Tao et al. 2018). IIoT platforms are used 
for data transmission, storage and analysis (Menon et al. 2018), and IoT sensors and laser scanners 
have been employed by SMEs for efficient production planning (Zhong, Wu and Wang 2017). The 
3D-printers have been successfully integrated with the SMEs business models (Rayna and 
Striukova 2016). Similarly, there are other tools that can cater to the specific needs of SMEs 
(Strozzi et al. 2017), e.g.: ERP packages (Ruivo et al. 2013; Ruivo, Oliveira and Neto 2015), 
software packages (Gershwin 2018), smart sensor kits, and wireless networks (Liao et al. 2017). 
Thus, the rate at which the data for every conceivable process is collected (or can be collected), 
provides further opportunities to fine-tune the existing manufacturing practices at SMEs (Marr 
2015). Therefore, we may conclude that the accessibility to smart technologies at affordable prices 
has positively influenced the operations of manufacturing systems and has facilitated the adoption 
of SM from an SME perspective (Ahuett-Garza and Kurfess 2018; Gershwin 2018). As a result, 
the first pieces of evidence of unique benefits for SMEs, which have already begun their SM 
journey, have been started to be documented in the scientific literature (Müller, Buliga and Voigt 
2018; Frank, Dalenogare and Ayala 2019). 
An analysis of the scientific literature has also shown that research in production management has 
shifted towards data-driven models (Kuo and Kusiak 2018), and aspects of data analytics 
techniques (such as unsupervised learning, association rules, and time-series analysis 
(Packianather et al. 2017), have been developed to assist manufacturing SMEs. There are 
economic and flexible ways of collecting, storing, processing and analysing data that can benefit 
 
manufacturing SMEs (Tao et al. 2018). In this regard, Mittal, Romero, and Wuest (2018a) have 
proposed an SM toolkit that can help SMEs in taking advantage of modular and economic SM 
capabilities. The toolkit focuses on technical and managerial aspects of the SM paradigm to align 
the SMEs towards performing data-supported activities (Mittal, Romero and Wuest 2018b). 
Literature also presents the industrial applications of the SM tools and practices (Mittal, Romero 
and Wuest 2018a; Závadská and Závadský 2018; Črešnar, Protcan and Nedelko 2018; Kusiak 
2018). Since SMEs lay foundation of economies, therefore, for an economy to be successful it 
becomes vital to support SMEs with the right set of tools and practices (Issa, Lucke and 
Bauernhansl 2017). However, a framework suggesting how these SM tools and practices can be 
selected from an SME’s perspective has been missing.  
Other studies in the scientific literature present an overview of how smart manufacturing paradigm 
was adopted in the manufacturing enterprises or a quantitative overview of how well the enterprise 
is equipped to adopt smart manufacturing (for e.g. Zhong, Wu and Wang 2017), Lee (2014), 
Schumacher, Erol and Sihn (2016), Hemann, Pentek and Otto (2016), Zezulka et al. (2016); Müller 
and Voigt (2017), and Bagheri et al. (2015)). However, our study was different from the other 
studies and presented an in-depth analysis of the SMEs’ experiences during smart manufacturing 
paradigm adoption. We found only one study (Mosterman and Zander 2016) that performed an in-
depth multiple case study research from ‘smart perspective’. However, this study identifies the 
various smart manufacturing/ Industry 4.0 technologies present in the construction industry. 
Literature shows that the existing approaches towards the SM paradigm adoption focus on large 
enterprises (Mittal et al. 2018; Davis et al. 2012; Arnold, Kiel and Voigt 2016; Radziwon et al. 
2014; Müller, Buliga and Voigt 2018) and managing SMEs is entirely different as compared to 
managing large enterprises (Coetzer et al. 2019). To address this research gap, we propose an SM 
paradigm adoption framework designed specifically for SMEs and their unique characteristics and 
requirements. We will develop our SM adoption framework through a case study approach, based 
on real use cases of SMEs that have recently adopted SM tools and practices. Therefore, the 
objective of our research is: 
To develop and evaluate an SME-centric SM adoption framework that provides 
manufacturing SMEs with the appropriate, easy-to-use tools and guidance to support their 
SM journey. The SME-centric SM adoption framework will build on previously identified 
SME-specific requirements and potential barriers, such as ease-of-use, fast deployment, 
assessment of the present situation, development of an SM tailored vision, and clear 
recommendations of SM tools and practices. 
This paper is divided into six sections. Section 1 presents an introduction to the research objective. 
Section 2 presents a literature review and throws light on the background of adopting the SM 
paradigm in SMEs. Section 3 proposes a framework to guide SMEs towards SM adoption, and 
Section 4 explains the research methodology for our study. Section 5 presents the results and 
discussion of the two SMEs case studies that have recently adopted SM tools and practices and 
were used to enrich and validate the proposed adoption framework (in Section 3). Finally, the 
section 6 presents the conclusions, limitations and the future work of the paper. 
 
2 Theoretical Background 
2.1 Defining What is an SME? 
European Commission (EC 2003) classified SMEs under different groups based on their income, 
number of employees, and annual balance sheet total. SMEs were considered as the enterprises 
that employ less than 250 employees and have an annual turnover less than EUR 50 million, and/or 
annual balance sheet total less than EUR 43 million (see Table 1).  
Table 1: SMEs Category (EC 2003) 





Balance Sheet Total 
Small < 50 ≤ € 10 million ≤ € 10 million 
Medium < 250 ≤ € 50 million ≤ € 43 million 
 
Even though some enterprises satisfy the above definition/criteria for being classified as an SME, 
they often have access to significant additional resources. Therefore, such SMEs do not face the 
unique set of challenges that are faced by ‘genuine’ SMEs. The genuine SMEs do not have close 
financial, operational, or governance relationship with the other enterprises (EC 2006). As a result, 
SMEs are also categorized as autonomous, linked, or partner with a large enterprise (EC 2006). 
The autonomous SMEs are entirely independent and have a minority partnership of less than 25%. 
Similarly, partner SMEs have a minority partnership between 25% and 50%, and the linked SMEs 
have a minority partnership of 50% or more. For our research, we consider the ‘autonomous SMEs’ 
(EC 2006) only. 
2.2 Smart Manufacturing 
The physical tools (e.g., machine tools) in an SM context are equipped with electronic sensors and 
communication networks (Taylor, Baron and Schmidt 2015), and there are SMEs that have used 
ICTs to improve their communication across the enterprise (Carayannis et al. 2006). Centobelli, 
Cerchione and Espostio (2017) found that aligning tools and practices helped SMEs in developing 
knowledge. Similarly, Shashi et al. (2019) identified that leanness and innovativeness can 
positively affect the environmental and the financial performance of the SMEs. Manufacturing 
enterprises can become more competitive by employing SM technologies and practices, and 
analysing data from design, production, sourcing, and inventory activities (Ahuett-Garza and 
Kurfess 2018). SM can scale its production based on demands, and without compromising in the 
time for order fulfilment (Davis et al. 2012). Similarly, connected enterprises can inform their 
employees about the overall production requirements, and their individual responsibilities, to 
reduce waste, minimize miscommunication, increase employees’ safety and ergonomics, and 
identify new business opportunities and markets, which are the other benefits of SM (Mittal et al., 
2019). Thus, acknowledging the technical, managerial and operational aspects of SM will make 
SMEs more aware regarding their own organizational dimensions like finance, product, process 
and people. This awareness will result into an informed decision making. Moreover, the success 
of any initiative in an SME depends on its owner/manager’s understanding of the initiative related 
to technical, managerial, and operational aspects (White 2009; Carson and Gilmore 2000). As a 
 
result, Sections 2.2.1 and 2.2.2 present the background of technical, managerial and operational 
aspects for the adoption of the SM paradigm in an SME. Section 2.2.3 presents the current methods 
for adopting SM in SMEs.  
2.2.1 Technical Aspects of Smart Manufacturing 
Technical aspects include the hardware and software tools, and instruments associated with 
technology. New technologies, or technological advances, are beneficial for manufacturing 
enterprises as they provide advantages such as reduced production costs, improved product quality, 
reduced delivery times, and reduced inventory levels (Skinner 1984; Mellor, Hao and Zhang 
2014). Therefore, manufacturing enterprises that adopt new technologies and learn new (digital) 
capabilities and skills are more prosperous than those who do not (Boothby, Dufour and Tang 
2010). CPS (Cyber-Physical Systems), IIoT (Industrial Internet of Things), data analytics, AR 
(Augmented Reality), VR (Virtual Reality), autonomous and collaborative robots, 3D-printing, 
IT-based production management, intelligent products, simulation, energy-saving, and real-time 
communication are a few examples of technologies that are frequently associated with SM (Mittal 
et al. 2017; Saucedo-Martinez et al. 2017; Ghobakhloo 2018; Xu, Xu and Li 2018; Chiarello et al. 
2018). The industrial applications of these technologies from an SME point of view are also present 
in the literature (viz. Mittal, Romero and Wuest 2018a; Závadská and Závadský 2018). Table 2 
presents selected technical aspects of SM and their applications.  
Table 2: Selected Technologies of SM and their Applications (Based on Mittal, Romero and 
Wuest 2018a; Závadská and Závadský 2018; Chiarello et al. 2018) 
Technologies Applications 
CPS (Cyber-Physical Systems) Production, logistics & warehouse operations, 
production planning, etc. 
IIoT (Industrial Internet of Things) Transportation, smart homes, real-time communication, 
etc. 
(Big) Data Analytics Data management, decision-making, purchasing, sales, 
etc. 
AR (Augmented Reality), VR (Virtual 
Reality) 
Product development, manufacturing, maintenance, etc. 
Autonomous & collaborative Robots Manufacturing, transportation, inspection, etc. 
3D-Printing Product development, prototype production and 
assessment, manufacturing, etc. 
 
2.2.2 Managerial & Operational Aspects of Smart Manufacturing  
Although SM is often understood as the implementation of technologies, however, technologies 
can generally not be adopted independently. It is also important to understand the circumstances 
of technologies being adopted, the extend of the technology adoption, as well as, the system, 
process or the activity that needs to be made ‘smart’. These objectives are realized by 
acknowledging the managerial and operational aspects of SM. Managerial and operational aspects 
are the practices followed by an organisation. They include items like business models, lean 
thinking, organisational culture, and six-sigma (Črešnar, Protcan and Nedelko 2018; Mittal, 
Romero and Wuest 2018a; Van de Vrande et al. 2009). When integrated with smart manufacturing 
 
technologies, manufacturing data related to delays in production, defects, and rejections may be 
collected and analyzed (Davies, Coole and Smith 2017; Gupta, Modgil and Gunasekaran 2019) to 
make better decisions, therefore, lean and six-sigma practices have been considered under smart 
manufacturing. The managerial and operations aspects help in performing functions like strategic 
planning, employee development, and continuous improvement. Table 3 presents selected 
managerial aspects of SM and their applications.  
 
Table 3: Selected Managerial and Operational Aspects of SM and their Applications (Based on 
Črešnar, Protcan and Nedelko 2018; Mittal, Romero and Wuest 2018a;  
Van de Vrande et al. 2009) 
Managerial & Operational 
Aspects 
Applications 
Business Models Shows how the business earns profits, streamline the activities, responsibilities. 
Lean Thinking Eliminates wastes from the production system. 
Six-Sigma Identify errors and defects for process improvement. 
Organisational Culture All employees share the same set of beliefs and values. 
Skill Development Employees/managers learn new skills. 
 
The literature presents several approaches for SM adoption in the form of frameworks, maturity 
models, roadmaps, and readiness assessment methods. Although these approaches appear to be 
similar, however, they are slightly different (Mittal et al. 2018). Frameworks – consist of 
guidelines for designing a system (Storey 2005). Maturity models – suggest steps to reach a more 
sophisticated stage (Mettler 2011). A readiness assessment – can evaluate the preparedness of 
capabilities towards a goal (Benedict et al. 2017). Roadmaps – are procedures to attain technical 
short-term and long-term goals (Garcia and Bray 1997).  
2.3 Smart Manufacturing Adoption in SMEs 
We previously performed a critical review addressing SM paradigm adoption in SMEs (Mittal et 
al. 2018). In this review, the specific requirements of manufacturing SMEs (i.e. financial resources, 
advanced manufacturing technologies, industrial standards, organizational culture, employee 
participation, alliances with the universities and the research institutions, and the collaborations 
with customers and suppliers) were mapped with the fifteen existing methods (viz., Rockwell 
Automation 2014; Anderl et al. 2015; Lichtblau et al. 2015; Weyer et al. 2015; Ganzarain and 
Errasti 2016; Geissbauer, Vedso and Schrauf 2016; Jung et al. 2016; Qin, Liu and Grosvenor 2016; 
Schumacher, Erol and Sihn, 2016; Gökalp, Şener and Eren 2017; Kannan et al. 2017; Lee et al. 
2017; Schuh et al. 2017; Akdil, Ustundag and Cevikcan 2018; Scremin et al. 2018) for adopting 
SM paradigm in SMEs. It was identified that the existing methods do not cater to the specific 
requirements of the manufacturing SMEs and the existing methods should define a ‘level 0’ to 
relate with the reality of many SMEs. The methods referred above assume the presence of financial 
and technical resources, advanced enterprise information systems, supportive employees’ skills, 
and favourable organisational culture in the SMEs (Mittal et al. 2018). However, some SMEs still 
follow traditional manufacturing practices like high involvement of human labour, use of old 
machinery, the absence of computers and internet and lack of mindset to adopt new technologies 
 
(Müller, Buliga and Voigt 2018). As a result, SMEs think that they are ill-equipped to adopt the 
SM paradigm (Moeuf et al. 2018), and for them, SM adoption is still a dream (Radziwon et al., 
2014). Therefore, it was suggested that SM paradigm adoption framework should define a ‘level 
0’ to associate with the reality of many SMEs (Mittal et al. 2018). Existing methods also need to 
integrate readiness assessment, maturity model and tools to realize the tailored vision of an SME. 
These findings are in tandem with other studies that found SMEs are unable to associate 
themselves with the SM vision (Brozzi et al. 2018), and their owners/managers are uncertain about 
the benefits and outcomes of adopting the SM paradigm (Schumacher, Erol and Sihn, 2016; 
Chiarello et al. 2018). Therefore, it was suggested that SM paradigm adoption framework should 
define a ‘level 0’ to associate with the reality of many SMEs (Mittal et al. 2018). 
3 Smart Manufacturing Framework for SMEs 
Figure 1 summarizes the proposed SM adoption framework for SMEs. The framework consists of four steps 
that can be employed by SMEs. These steps are assisted by the SM maturity model for SMEs (Mittal, 
Romero and Wuest 2018b) (see Appendix I). Below is presented the description of the steps for 
adopting the SM paradigm in SMEs. 
 
 
Figure 1: Smart Manufacturing Adoption Framework for SMEs. 
Step 1: Identify Manufacturing Data Present in the SMEs 
Scientific literature shows the infusion of IT and advanced manufacturing technologies (e.g., OT) 
from the perspective of SMEs (Dangayach and Deshmukh 2005; Fink and Disterer 2006; Raymond 
2005). However, to adopt the SM paradigm, data should be integrated with IT and manufacturing 
technologies (Marr 2015). Decision making using manufacturing data leads to more accurate 
judgments and results in closely coordinated production plans, operations and supply chains (Tao 
et al., 2018). Therefore, the first step towards adopting the SM paradigm is to identify the 
manufacturing data present/available in the SME. Table 4 presents a set of examples of 
manufacturing datasets, and its corresponding SME organisational dimension (Mittal, Romero and 
Wuest 2018b; Kuo and Kusiak 2018; Tao et al. 2018; Dalenogare et al. 2018). 
Table 4: Organisational Dimensions and the Manufacturing Data related to these Dimensions. 
Organisational 
Dimension 
Exemplary Manufacturing Data  
Finance 
Equipment cost data, raw material cost data, transportation cost data, 
energy consumption cost data, worker cost data, transaction cost data, 
recycling cost data. 
People 
Number of hours data, number of employees/workers data, worker 
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Exemplary Manufacturing Data  
Strategy Policies, targets, ranks, performance, metrics, lean manufacturing data, kaizen data, (i.e., strategic management data). 
Process 
Production process data, process parameters data, machine downtimes 
data, process planning data, process control data, equipment status 
data, equipment parameters data, energy consumption data, material 
characteristics data, facility layout data, quality control data, process 
modularity data, sustainable manufacturing data, maintenance data. 
Product 
Product development data, product design data, order data, order 
quantity data, inventory management data, sales data, delivery time 
data, position of the product, product real-time performance data, 
supply chain data, product modularity data, product lifecycle data. 
Step 2: Smart Manufacturing Readiness Assessment of the Data-Hierarchy Steps 
A readiness assessment can help in determining the present financial and technical conditions of 
an SME, and the employees’ skills available at the enterprise (Ganzarain and Errasti 2016). 
Therefore, there is a need to integrate a ‘readiness assessment’ with a ‘maturity model’ (Mittal, 
Romero and Wuest 2018b). Data generation, data transmission, data storage, and data analysis 
(including data processing, and data visualization) are the broad steps in a data-hierarchy (Tao et 
al. 2018). Once the manufacturing data present in the organisation and the toolbox involved are 
identified, we can assess the readiness of the data-hierarchy step (see Appendix II). For example, 
based on the energy consumption cost data, it can be identified that the SME is at the beginning 
level of ‘Fabrication/Manufacturing Toolbox’, during the data generation stage (see Table 5). 
Table 5: Assessing Readiness among the Data-Hierarchy Steps 
Organisational 
Dimension Related Data Generated 
Smart Manufacturing 
Readiness 
Finance Energy consumption cost data  N B L I E FMT      
 
Step 3: Develop a Smart Manufacturing Tailored Vision for SMEs  
The SM vision of large enterprises will not fit with the needs of the SMEs, and therefore, this step 
focuses on the significance of creating an SM tailored vision for SMEs (Mittal et al. 2018; Schuh 
et al. 2017). The SME tailored vision may be identified by SME’s understanding of their market 
niche, and by assisting their shift from data generation to data transmission (or a higher level of 
the data-hierarchy). The objective of a tailored vision is to shift the SMEs towards a data-driven 
decision-making culture. The SM toolboxes can assist SMEs towards an SM tailored vision as they 
emphasize digitalization, advanced manufacturing, and data analytics capabilities. 
Step 4: Identify Tools and Practices to realize Smart Manufacturing Tailored Vision 
 
An SM tailored vision is realized by acknowledging data with the help of tools and practices. In 
this regard we have employed the smart manufacturing toolkit proposed by Mittal, Romero, and 
Wuest (2018a) (see Appendix I). Where, the FMT, DST and RAT toolboxes are the sources of 
data generation. The SCT toolbox facilitates data transmission. At times, sensors and converters 
are inbuilt in the tools/machines, and thus, they do not require external sources for data 
transmission (communication). The CST toolbox is for data sharing and analysis (at times), and 
finally, the Data Analytics Toolbox (DAT) performs analytics and visualization. DST and RAT 
tools depending on their inbuilt capabilities may also assist in data transmission, data storage, and 
data analysis. The BMT was defined from a managerial perspective and consists of practices like 
lean thinking (Yadav et al. 2018) and organisational culture (Brettel, Chomik and Flatten 2015; 
O’Regan, Ghobadian and Sims 2006). Thus, BMT can positively affect the operational 
performance of SMEs. Although, the BMT may not be directly related with data, however, it may 
be combined with the other toolboxes for various data-hierarchy steps, e.g., digital lean, lean 
automation (Kolberg, Knobloch and Zühlke 2017; Fettermann et al. 2018; Tortorella and 
Fettermann 2018; Mayr et al. 2018; Romero et al. 2018). The data-hierarchy steps served by the 
SM toolboxes for data analysis are shown in Table 6. The manufacturing enterprises do not need 
to follow the sequence of levels within the same SM toolbox. For example, an organisation may 
look forward to shifting from storing data in spreadsheets to the cloud. 
Table 6: Smart Manufacturing Toolboxes corresponding to the Data-Hierarchy Steps 










Fabrication/Manufacturing Toolbox (FMT) ●    
Design & Simulation Toolbox (DST) ● ● ● ● 
Robotics & Automation Toolbox (RAT) ● ● ● ● 
Sensors & Connectivity Toolbox (SCT)  ●   
Cloud/Storage Toolbox (CST)   ● ● 
Data Analytics Toolbox (DAT)    ● 
Business Management Toolbox (BMT) ● ● ● ● 
4 Research Methodology 
The methodology we followed during our research has been depicted in Figure 3. The three broad 
steps of our research methodology have been discussed below. 
4.1 Development of the Framework 
The first step of our research methodology was to develop theory. Our theory was developed in 
the form of a framework in section 3 (see Figure 3). This framework consists of four steps that 
were used to support SMEs in their SM paradigm adoption journey. 
 
 
Figure 2: Research Methodology 
4.2 Methodology for Validation of the Framework 
We used multiple case study research to validate the developed framework. Multiple case study 
research focuses on in-depth analysis of the context dependent knowledge and provides interesting 
results from the practical viewpoint (Flyvbjerg 2006). The practical viewpoint can describe the 
complicated issues faced in real-life environments and otherwise may not be acknowledged with 
the help of survey or experimental research (Zainal 2007). A multiple case studies approach 
considers multiple sources that lead to the same results and therefore it is a powerful method to 
develop, test, and refine new theories (Miles, Huberman and Saldaña 1994). It has already refined 
many of the breakthrough concepts like lean production and manufacturing strategy in operations 
management (Voss, Nikos and Mark 2002). The multiple case studies throw light on ‘why a 
decision or set of decisions were taken, how they were adopted, and with what result’ (Schramm 
1971; Yin 2003). The multiple investigators during case study research analyse data from different 
perspectives and thus increase the chances of capitalizing on novel insights (Eisenhardt 1989). We 
followed the previous research works (Benbasat, Goldstein and Mead 1987; Meredith 1998; Yin 
2003) and found that a multiple case studies research approach is the most appropriate for our 
study for the following three reasons. Firstly, the SM paradigm adoption is rare in large enterprises 
and almost absent in SMEs (Davis et al. 2012). Thus, a contemporary topic has been studied in the 
context of real-life. Secondly, we look at answering the question of ‘how an SM paradigm adoption 
framework for SMEs can be developed’, and to evaluate the proposed SM adoption framework 
(i.e., theory testing, according to Handfield and Melnyk [1998]). Thirdly, the investigation team 
had no control over the actual behavioural events that accompanied the research objective. For 
performing the multiple case study research, a design for the data collection was prepared and in 
parallel the cases for our study were selected. These steps led to conducting individual study of 
the cases and finally the two cases were analyzed. Below we discuss these steps in detail. 
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Design Data Collection 
The boundaries set for data collection were regarding the activities performed and the procedure(s) 
the SMEs followed to select the SM tools and practices. We also discussed the issues and 
advantages considered by the SMEs during the selection of SM tools and practices. Data collection 
was designed with the help of a semi-structured interview (see Appendix III) with the SME 
owners/managers to understand the various aspects considered by the SME owners/managers 
before pursuing the adoption of the SM paradigm. A case study protocol was prepared to collect 
data from the manufacturing SMEs. The interview (see Appendix III) with the SME 
owners/managers led to the understanding of the technical, managerial, and operational aspects 
that both SMEs considered before pursuing the adoption of the SM paradigm. The discussion of 
these aspects helped to generalize the findings to theoretical propositions, and to validate the 
proposed SM adoption framework.  
Select Cases 
The manufacturing SMEs are the unit of analysis for this study because the purpose is to learn 
from the experiences of manufacturing SMEs that have already adopted SM tools and practices. 
Retrospective cases can reflect their success or failure, thus, facilitating more controlled case 
selection (Voss, Nikos and Mark 2002). Therefore, the two cases selected during our research were 
SMEs that took their first steps towards SM and became the pioneers in their own fields. Since we 
analyzed the experience of smart manufacturing adoption in SMEs from a technical perspective, 
therefore we looked for SMEs that have successfully adopted SM. However, there are not many 
SMEs that have successfully adopted smart manufacturing paradigm. The sharing of the 
experiences involved an in-depth analysis of their present practices, and not a quantifiable 
overview because we were studying ‘how’ the smart manufacturing paradigm was adopted in the 
two SMEs cases. Table 7 presents the background dimensions of the two SME cases considered 
during our study.  
Table 7: SMEs Profile and Background 
Background Dimensions Case A Case B 
Industry Jewelry Manufacturing Modular Kitchen Manufacturing 
Ownership Private Private 
Company Started 2003 2004 
Number of Employees 95 87 
Manufacturing Location Western India North-central India 
Customer Location Western India North-central India 
Turnover ~  € 1.5 million ~ € 2 million 
Market (Target 
customers) 
Higher-class Indians (including 
NRIs) 
Middle- and higher-class 
Indians 
Type of Production  Customized/Batch production Customized production 
Type of Industry Autonomous SME Autonomous SME 
Nature of Industry Engineering-to-Order, Make-to-Stock Engineering-to-Order 
 
Background Dimensions Case A Case B 
Interview Participants Owner (Production Head) Production manager (Production Head) 
Interviews Telephone interview Telephone interview 
Sight-Seeing Yes Yes 
Operations Performed Sales, purchase, design, production 
Sales, purchase, design, 
production, site-installation 
 
Company A used to make jewelry with the help of hand-made molds. However, later they started 
using a CAD design jewelry software to produce 3-D printed molds to be used during the process 
of jewelry manufacturing. They became the market leaders in providing customized jewelry 
designs in Western India within two years of adopting SM tools and practices. Company B 
dominated the modular kitchen market within three years of adopting SM tools and practices. They 
initially used hand drawn engineering drawings to design modular kitchens. However, they started 
using a tab-based interface, where customer can configure the modular kitchen themselves. The 
tab-based interface then automatically generates the required CAD drawings, reducing the change 
in medium and is all digital. 
In both cases, the adoption of SM tools and practices provided a competitive edge and assisted the 
SMEs to become market leaders. The cases we selected were diverse- as they were from two 
different industries, extreme- as they brought major changes in their processes, and influential- 
because their experiences and successful journey motivate other SMEs. Therefore, we considered 
the case selection strategy mentioned in the research (Seawright and Gerring 2008; Yin 2003). 
Moreover, these SMEs adopted the SM paradigm in less than three years, and thus minimized the 
chances of miscommunication, which might happen due to the change in personnel and recalling 
the past adoption processes. 
Conduct Case Study 
During the case study, the members of the research team visited the SMEs and collected the 
documents shared by the SMEs (e.g., the catalogues, presentations, process charts, etc.). We 
interviewed only the personnel (the SM owner and/or manager) involved during the adoption of 
SM tools and practices. The interviewees also had a detailed understanding of all the production 
related activities in the SMEs. They were also approachable and willing to share their insights 
gained during SM paradigm adoption. Furthermore, our study highlighted the typical issues faced 
by the manufacturing SMEs, and how the adoption of the SM paradigm assisted the SMEs in 
overcoming those issues. Finally, the responses from the SMEs were categorized under fourteen 
different topics (see Appendix IV). The semi-structured nature of the case study research questions 
also led to additional questions that prompted a follow-up of the interviewee answers. 
Analyze the Cases 
To analyze the cases the interview with the SME manager/owner was recorded with the help of 
audio tapes and was later manually coded into fourteen different categories based on the 
similarities between the answers. Three coauthors independently went through these responses and 
 
presented their analysis of the individual cases. The three coauthors also went through the case 
analysis prepared by the other two coauthors and the final cross-case comparative analysis of the 
two SMEs cases was prepared. 
A multiple case study approach should satisfy the four scientifically design tests, namely: construct 
validity, internal validity, external validity, and reliability test during the different phases of 
research (Yin, 2002). During the composition phase, the interviewees from both SMEs reviewed 
the case analysis prepared by the authors, thus the construct of the study was validated. Since the 
study was not causal in nature, therefore, internal validity was not required (Yin, 2002). Similarly, 
external validity, which helps in generalization, was checked with the help of literal and theoretical 
replication during the research design phase. Reliability test was performed as different people 
from the research team went through the same procedure and ended up with similar results. The 
transcripts obtained during the case analysis were in the form of audio files, notes taken during the 
interviews, and the documents received. All the data obtained from these sources and the on-site 
visit by team member(s), together formed the final data. Thus, the multiple sources of evidence for 
obtaining data and their convergence towards similar results guaranteed triangulation (Yin, 2002). 
4.3 Improving the Framework 
In the next step the relevant statements and the analysis pertaining to the main theoretical 
propositions (for each case) were prepared in detail and then the report was prepared (presented in 
the section 5 of the current manuscript). When the data pattern from the two SMEs cases showed 
similar results (literal replication) or showed contrasting results for known reasons (theoretical 
replication) (Miles, Huberman and Saldaña 1994; Yin, 2002; Voss et al., 2002) the theoretical 
proposition was validated. The insights shared by the SMEs also resulted into the modification of 
new theory by including another step that helped SME cases in adopting SM paradigm (see Figure 
3). The summary of case analysis has been presented in Appendix IV. 
5 Results and Discussion 
Below is presented the result and discussion of the response by the SMEs’ owner/manager to the 
semi-structured questions mentioned in Appendix III.  
i) Identify Manufacturing Data Generated in the SMEs 
Based on the site visits, the discussion with the interviewed participants, and the process flowcharts 
shared by the SMEs, we observed that sales, purchase, design, and production were the operations 
that took place in their businesses. Additionally, Company B was also doing site visits and kitchen 
installations. Similarly, both SMEs used different design tools from the design and simulation 
toolbox. It was also found that both the interviewee from the company A and B were utterly aware 
of their company’s business processes. 
Both SME cases generated manufacturing data through various activities; however, data 
transmission and data storage in both SMEs were the results of the design and simulation toolbox 
(see Appendix V). In addition, Company B also stored orders management and inventory control 
 
data with the help of an ERP system. We found that various forms of data generated during 
different activities were not transmitted stored and analyzed. As a result, the business decisions 
were based on the SME owner/manager’s intuitions, and less supported by data analytics. 
Therefore, considering only the operations performed in the SMEs might not be enough to realize 
their actual complete picture, however, identifying the manufacturing data present might make 
SMEs’ situation more evident. 
ii) Smart Manufacturing Readiness Assessment of the Data-hierarchy steps 
Studied SMEs were not aware of any readiness assessment tool that could guide them towards an 
assessment of its data management capabilities. The owner of Company A felt that their 
manufacturing practices were not productive when compared to the other jewelry firms situated 
globally: ‘…if you google, you find that there are other businesses, doing similar stuff more 
productively…’. Similarly, Company B compared its operations with a popular furniture store and 
found that its operations are behind: ‘…our operations required a major refinement, compared to 
our competitor furniture store…’. Therefore, both case companies compared themselves (a kind 
of benchmarking exercise) with other similar businesses to assess their present situation. The 
benchmarking exercise can be replaced with a readiness assessment tool comparing the data-
related activities performed in the SMEs with the typical data-related activities that SMEs should 
perform. Based on the activities performed in the past, the SM readiness of both cases was at 
‘Level 0’, except for the fabrication/manufacturing toolbox. Thus, signifying the importance of the 
‘Level 0’, with which manufacturing SMEs can relate with (Mittal, Romero and Wuest 2018a). 
When the readiness of the present business activities was assessed (see Appendix V), it was found 
that both SMEs were performing data generation, data transmission, and data storage activities at 
higher maturity levels (with the help of the ‘Design & Simulation Toolbox’), however, data 
analysis activities were absent (performed at ‘Novice Level’). Therefore, the SME cases were able 
to establish the need for readiness assessment among the data-hierarchy steps. 
The advantages of using 3D-printed molds already motivated Company A to accept a product 
configurator in the future: ‘…as we were successful in changing from hand-made molds to 3D- 
printed molds, shifting to an online interface seems rather easy…’. However, the company A 
showed resistance towards the use of data analysis tools ‘…numbers are all that we have, and I do 
not see if there is any other analytics that we can perform with these numbers…’. Similarly, the 
results shown using the configurator, motivated the management of Company B to further improve 
their business by updating the actual position of their products in the ERP system ‘…the product 
configurator has shown amazing results…and we can visualize the positive effects of integrating 
it to our ERP system…’. Company B was also confident that they were performing analysis in the 
best possible manner: ‘…this is the best analysis…’. 
 
Thus, it can be concluded that both SMEs agreed to the fact that their future SM visions were easy 
to achieve, as they already faced significant challenges during their initial transition. Their 
opinions regarding improving their present data analytics skills (‘Level 0’) showed that they were 
reserved in shifting beyond this level. These results prove that SMEs transition from ‘Level 0’ to 
‘Level 1’ or a higher level is more challenging as compared to their transition from ‘Level 1’ to a 
higher level (Mittal et al. 2018). The comments made by the SMEs owners/managers showed that 
 
all the tools considered by SMEs were covered under the umbrella of SM toolkit. We summarize 
the similarities and differences of SM practices for both SMEs and their feedback (regarding the 
SM adoption framework for SMEs) in Appendix IV.  
iii) Develop Awareness about Smart Manufacturing 
The SMEs followed different ways of developing SM awareness. The owner of Company A visited 
a ‘Jewellers Symposium’ in Dubai and was informed about the new measures that might be taken 
in their business. After attending the symposium, he was confident to include 3D-printed molds in 
their production process: ‘…visiting Jeweller’s Symposium in Dubai motivated me to include 3D-
printed molds during production…’. Similarly, for Company B, the production manager learned 
about the concept of a product configurator, from an online product configurator used by a popular 
furniture outlet ‘…one day my wife told me about the concept of customized furniture used by one 
of my competitors…’.  
 
The initially proposed SM adoption framework (see Section 3) did not realize the importance of 
developing SM awareness. However, after discussion with the SME owners/managers, it was 
observed that their awareness plays a very vital role in the adoption of the SM paradigm. If the 
SME owners/managers were not aware of the detailed activities performed in their SMEs, it would 
not have been possible to acknowledge the available options. Therefore, this finding confirms that 
SMEs’ success depends on its owner/manager’s detailed understanding of the technical, 
managerial and operational aspects (White 2009; Carson and Gilmore 2000) of his/her 
organisation. 
iv) Develop a Smart Manufacturing Tailored Vision for SMEs 
For Company A, the objective was to increase its clientele, and therefore, it also considered the 
use of sensors inside jewelry. However, such jewelry is used for attractive displays (effect Jewelry) 
or for tracking a person, and these were not the requirements of their customers. Previously, the 
mould for a jewel was designed manually, and creating precise molds for complicated designs was 
a time-consuming process: ‘…the most difficult part was to create a mould for complex jewel 
designs manually…’. Later, to increase the variety of jewel designs, they considered using 3D-
printed molds: ‘…effect jewelry, lifesaving jewelry are too fancy for our customers…we wanted to 
focus on a variety of designs... 3D-printed molds provided design variety…’. In the future, they 
plan to expand by providing an online interface where young customers can create customized 
jewelry designs. More CAD designers and 3D printers will serve the increased clientele: ‘…e-
business has affected all industries…the new age customers will look to purchase their preferred 
designs online as well…’. 
Similarly, Company B considered various options towards their concern of getting a higher 
number of ECNs (engineering change notes). Their first option was to design parts in CAD and 
produce these parts using CNC. The second option was to have a user interaction design 
configurator, and the third option was to reduce the number of ECNs by employing lean practices 
and ISO regulations. The product configurator can design as well as produce the engineering 
drawings, guiding the production with the existing machines. Therefore, the second option was 
 
chosen: ‘…we wanted to reduce ECNs… considered use of CAD and CNC or a product 
configurator and consultant suggested following lean practices and ISO regulations…’. Initially, 
the online product configurator option was considered. However, the expected customers for the 
modular kitchen were from all age groups, and an online product configurator would have been 
limited to the ‘tech-savvy internet’ customers only. Similarly, not every Indian house is connected 
to the internet. Therefore, a tablet-based product configurator was developed for the salespeople 
to guide the customers: ‘…internet connectivity and the reluctance of old-age customers with the 
use of online product configurators... convinced us for tablet based-interfaces…’. A third-party 
web interface design firm created the interface. The people from sales, design, and production 
provided inputs while the interface was designed: ‘…a web interface design company created the 
interface...the managers from sales, design, and production often visited the design firm to discuss 
the requirements…’. In the future, Company B is looking towards upgrading its ERP system, 
which will help them in tracking the position of the product in real-time. Integrating the ERP 
system with the product configurator would also be able to give a more appropriate price and 
delivery time to their customers: ‘…we plan to invest in our ERP system to check inventory status 
and provide a price and date for order supply…’. The ERP system will be complemented by 
sensors and connectivity that would be able to scan the product and update its position on the 
system as it goes through the production process. 
The SM visions of both SMEs show that they were tailored towards a goal and were based on the 
understanding of their markets. Therefore, the above argument showed why establishing a tailored 
vision is necessary for manufacturing SMEs.  
v) Identify Tools and Practices to realize Smart Manufacturing Tailored Vision 
The employment of SM tools and practices will depend on the tailored SM vision that SMEs have 
in mind. This section discusses why the SMEs did or did not consider the various SM tools and 
practices during their SM journey. 
 
Fabrication/Manufacturing Toolbox + Robotics & Automation Toolbox:  
 
Initially, the SME owner of the jewelry considered investing in machines that reduced the time 
taken during the finishing phase of the jewelry (i.e., filing, polishing, and plating). However, for 
introducing these machines, a major investment and a significant change in the organisational 
culture, as well as upskilling its workers were needed. Therefore, the Fabrication/Manufacturing 
Toolbox (FMT), and the Robotics & Automation Toolbox (RAT) were not used in their SM 
journey: ‘… time for finishing can be improved with the help of automated machines, but that 
would have required a major change in our organisational culture, upskilling our workers, and of 
course a big investment…’. Besides, the finishing time for jewelry was reduced, thanks to the use 
of 3D-printed molds that provided very precise and accurate jewels.  
 
Similarly, the manager of Company B considered using CNC machines for designing the various 
parts of a modular kitchen. However, the use of CNC machines would have required employees 
who can design and generate the CNC codes, and looking at their ECN (120), redesigning and 
generating would have involved learning a new set of skills and would have resulted into employee 
 
resistance: ‘…CNC machines were an option, but we did not have the skills required to design and 
generate CNC codes …’.  
 
Design & Simulation Toolbox:  
 
Company A faced issues while identifying apt personnel. Finally, they invested in CAD training 
of a new jewelry designer (who first prepared concept jewelry design by hands, and then prepared 
the required mould by hands). At present, their demand in customized designed has increased to 
the extent that they hired two more CAD designers:’…finding appropriate employees is always a 
difficult task….we found engineers who could use CAD, and some designers who hand drew….the 
need was to have someone who designed Jewelry in CAD….therefore, we hired and invested in 
our designer to learn advanced CAD…’.’…due to increasing demand, now we have hired other 
designers as well…finding break-even point and when to invest in technology was also 
difficult…we waited for three months to invest in 3D-printing…’. The other changes in Company 
A’s business model included finding a raw material supplier (to produce 3D-printed molds) and 
identifying the break-even point. Other issues were regarding the identification of the best time to 
invest in technology, because with time the technology cost will get reduced, however, they knew 
that early adopters are the ones that create a true competitive advantage. Finally, they decided to 
invest in 3D-printing after waiting for three months. They got the raw material from the same 
company, where they purchased their 3D-printers. However, their customers showed a positive 
response for the new designs, and therefore the Company B was able to reach their break-even 
point within eight months, whereas the break-even point was calculated as ten months:‘…besides 
learning CAD, we invested in purchasing the raw material for prototyping from the same company 
where we purchased 3D printers…our estimation showed that we could reach the break-even point 
in ten months, but due to increased demand we got there in eight months…’. The owner of 
Company A believed that they did not face major issues with the organisational change because 
the employee responsibilities did not change with the introduction of 3D-printed molds: ‘…you 
face little resistance when employees do not go through a change in their nature of the work…’. 
The use of 3D-printed molds required only two process changes, firstly, the concept (hand-drawn 
design of jewel) was to be drawn in CAD, and, secondly, they use 3D-printed wax molds (instead 
of the existing molds) during production. These wax molds result in more precise jewelry 
compared to before. As a result, the Company A was more efficient and reduced the time required 
during finishing process (i.e., filing, polishing and plating operations): ‘…investment was 
worth…with new technology the jewels produced are more precise and reduced the finishing 
time…’. 
 
Company B was confident that investing in a product configurator might have helped them in 
reducing the number of ECNs they were getting: ‘…we had a feeling that a product configurator 
should help in minimizing the ECNs…’. They required a visual tool that also showed the 
specifications of the final product and use of a tablet-based product configurator was the best 
option. Using a virtual reality tool for customers would have required customer to reach their store 
and would have been expensive. The product configurator led to the use of CAD designs instead 
of the hand-drawn engineering drawings: ‘…virtual reality was an expensive option that would 
have needed customers to visit our stores…with the product configurator, the only change was to 
use CAD design as engineering drawing…’.  
 
 
Similarly, using CAD for production needed automated machines and skilled employees who can 
design and generate G-codes. All this would have required considerable investment and changes 
in the production practices: ‘…use of CAD drawings for production was difficult…purchasing 
automated and semi-automated machines would have required more investment and major 
changes during manufacturing, finding a skilled designer was another issue...’. These examples 
show that manufacturing SMEs preferred changes in design and sales practices. 
 
Sensors & Connectivity Toolbox, Cloud/Storage Toolbox, Data Analytics Toolbox:  
 
Company B already implemented the product configurator/interface (a common tool for both 
Design & Simulation toolbox and Sensors & Connectivity Toolbox – see Appendix I, Table 1), 
whereas, Company A considered it as a future option (see Heading iv – developing a tailored SM 
vision). Company B also considered the use of the Sensors & Connectivity Toolbox to be able to 
update the position of products and inventory within its ERP system. Use of data analysis was still 
unknown to both SMEs.  
Data storage is also a significant step towards SM. However, Company A was least concerned 
regarding data storage. The only data they stored in MS-Excel was regarding the orders and the 
financial transactions. They used a storage device (e.g., removable flash drive) when they 
transferred the G-code generated by CAD to the 3D-printer. Although the Company B had an ERP 
system where the demands and initial payment (token amount) were well received from the 
customer end, however, the updates on the status of the products were still missing. Thus, 
highlighting that the ERP system acknowledged the ‘finance’ and the ‘product’ organisational 
dimensions only. We observed that workers manually typed the inventory/product updates, which 
were not accurate and utilized much time. To make the system more effective, and facilitate the 
real-time updates of the product, the sensors and connectivity tools are now planned to be installed 
in the future. The incomplete use of ERP system demonstrates an example where SMEs have the 
capability, but they are not utilizing the capability to its full potential. 
It was seen that the data transmission, data storage and (elementary) data analysis were happening 
around the design and simulation toolbox. The SMEs employed design data for strategic decisions, 
like process planning, scheduling, and inventory. However, they were unable to perform 
sophisticated analysis on the available data. For example, maintenance was performed on a need 
basis, leading to a high downtime of machines, decreasing the production rate, and increasing the 
idle time for workers. Both SMEs were satisfied with the kind of data analysis they performed. 
However, if they even planned to perform more sophisticated data analysis, hiring a data analyst 
would have been expensive. Therefore, SMEs interested in data analysis should consider 
outsourcing it to consultancies or collaborating with the other researchers and academicians.  
Business Management Toolbox  
Various managerial practices were tried by both SMEs to improve their businesses. The jewelry 
manufacturer tried increasing the variety of jewelry designs by collaborating with other jewelry 
manufacturers; however, this collaboration did not work, because even the collaborator jewelry 
manufacturers were facing similar issues while producing complicated designs: ‘…we tried joining 
hands with other jewellers’ manufacturers, but, they were also not producing the complicated 
 
designs…’. The Company B tried reducing the wastage by following lean philosophies and ISO 
certification practices (with the guidance of consultants) and changing the existing production 
layout. However, these changes did not affect the number of ECNs: ‘…we introduced lean and 
ISO practices, changed existing layouts; however, it did not make any difference…’.  
Although SM can provide a competitive edge to the SMEs, initially SM adoption did not work for 
the two SMEs. For example, Company A tried collaborating with other jewelry manufacturers that 
had different designs to offer. Similarly, Company B followed lean and ISO practices to reduce 
the number of ECNs. However, with time they realized that these solutions were not representing 
the actual problems (e.g., offering customer-specific designs for the Company A, and reducing the 
miscommunication between the customer, sales, design, and production for the Company B). 
Company A knew that effect jewelry would not have interested more customers and, similarly, for 
Company B an online product configurator might have helped only the tech-savvy customers. 
Therefore, these pieces of evidence prove that chances of SM success will also depend on the 
identification of the actual problem and the understanding of their market.  
Both SMEs followed an Engineer-to-Order (ETO) approach for production and adopted SM tools 
and practices in their shift from the use of hand-drawn engineering drawings to CAD drawings. 
Thus, modifying the operations during design and sales phases. Therefore, both cases show that 
‘hard manufacturing’ operational practices were not changed during the shift towards SM. The 
analysis of both cases also highlights that SMEs based on ETO production policies will hesitate in 
modifying their existing ‘hard manufacturing’ practices. As demonstrated, Design and Simulation 
Toolbox does not/least affect the ‘hard manufacturing’ practices. Therefore, this toolbox will be 
more frequently used by ETO companies. Literature shows that sensors and connectivity tools can 
upgrade a stand-alone machine (Mittal, Romero and Wuest 2018a) without affecting the ‘hard 
manufacturing’ practices. Therefore, this toolbox will also be preferred by enterprises. The SMEs 
cases showed that they were least concerned to improve the ‘people’ organisational dimension, 
and therefore, they did not have plans to improve the employee skills or make them more 
productive. As a result, the data collected for people was only dealing with the number of hours 
they worked. Although, Company A did consider the importance of learning CAD and therefore, 
its designer was made to learn CAD, however, it was the best option they had. Therefore, in 
general, SMEs hesitate from employee/worker training, and their participation in discussions.  
From our discussion with the SMEs’ owner/manager, we found that they have a basic 
understanding of the terms ‘smart manufacturing’, ‘data analysis’, and ‘digitalization’. They also 
related ‘smart manufacturing’ with the use of smartphones and the internet. According to them, 
SM made their business more efficient, for example, now they were able to order through e-mails 
as compared to ordering through phone-calls. Similarly, for them ‘digitalization’ is the use of 
computers and design software, whereas, ‘data analysis’ involved working with MS-Excel 
functions (e.g., sorting), and doing analytics using arithmetic formulas.  
Both SMEs reduced the processing time needed to meet the customer requirements. For Company 
A, preparing 3D-printed molds took less time as compared to the time taken to make hand-made 
molds. As 3-D printed molds were more accurate, they also reduced the required time for finishing 
the jewelry. Whereas, the Company B was able to reduce the time for customer requirements to 
 
feasibility analysis from five days to one day and designing BOM (Bill-of-Materials) for them 
became even more comfortable. Also, the percentage of sales orders the Company A was able to 
complete on time increased from 10% to 70%. Similarly, when company B analysed their past 
orders, they started ordering eight standard size components (instead of ordering three standard 
size components) and thus reduced the production time and wastage. Thus, demonstrating how 
SM can make an enterprise more efficient. Moreover, the use of simple arithmetic functions can 
assist its shift in production policy from ETO to ATO. The visits and the discussion with the SMEs 
showed that various forms of data related to different organisational dimensions (i.e., finance, 
people, strategy, process, and product) are generated in the SMEs, however, when it comes to 
decision making, only the financial (cost) analysis is performed. Therefore, to appeal to the SME 
owners/managers, there is a need to convert the data related to other organisational dimensions as 
cost data. For example, the data related to the number of hours should be converted as cost/hour, 
this will inform the SME owner/manager about the downtime cost (of a machine), which an 
organisation must pay when a worker is going through his learning curve. The comparison of 
downtime cost with the cost of worker training will help the SME owner/manager to decide if 
worker training is required. 
The data analysis performed on the two SMEs that recently adopted SM tools and practices 
established the suggest SM adoption framework (see Figure 3). We included an additional step to 
develop SM awareness in the SM adoption framework, and since the proposed framework helped 
the SMEs in their steps towards SM, therefore, the framework was established. We also found that 
the SM toolboxes for data generation were always at a higher level as compared to that for data 
transmission (see Appendix V). Similarly, the SM toolbox for data transmission was at a higher 
level as compared to the toolbox for data storage and data analysis. Thus, reflecting that for 
effective use of a toolbox, its preceding toolbox (in the data- hierarchy) should be at the same or 
higher level (see Appendix V). The application of 3D-prototyping and product configurator also 
show that tools from an SM toolbox (Mittal, Romero and Wuest 2018a) may not be used in the 
sequence (novice to expert). For example, the use of MS-Excel and an ERP system in Company 
B also showed that Company B did not use any hard drives in between.  
 
Figure 3: Smart Manufacturing Adoption Framework for SMEs 
6 Conclusions  
Adopting the SM paradigm provides SMEs with a competitive edge and is a necessary step to be 
considered as collaborators in digital supply networks. Our research caters towards the pressing 
need of manufacturing SMEs for targeted support by proposing a novel SM paradigm adoption 
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framework. We established the proposed SM adoption framework with the help of a multiple case 
study research approach. The concepts of literal replication (and theoretical replication) were 
satisfied during the in-depth analysis of the SMEs that have recently adopted SM tools and 
practices (Miles, Huberman and Saldaña 1994; Yin 2003; Voss, Nikos and Mark 2002). The 
perspective of SMEs also led to the addition of a new step in the adoption framework. Following 
are the analytical generalization resulting from the lessons learned from the experiences of SMEs 
cases: 
• The necessary steps that helped the SMEs cases in their journey towards adopting SM are: (i) 
identifying the manufacturing data present in the SME, (ii) assessing SM readiness of the SME 
among the data-hierarchy steps, (iii) developing an SM tailored vision for SMEs, and (iv) 
identifying the appropriate tools and practices that will lead towards the SM tailored vision. 
• SMEs that work on ETO production principles may avoid modifying their ‘hard-
manufacturing’ practices, and, therefore, design and simulation toolbox can be the most 
preferred toolbox for SM paradigm adoption. As sensors and connectivity toolbox will least 
affect the existing hard manufacturing practices followed in the organisation, therefore, SMEs 
may prefer sensors and connectivity toolbox over other toolboxes. Similarly, since business 
and management tools require a significant effort to modify the existing organisational culture 
and practices, therefore, they may be less preferred. 
• In general, SMEs are not aware of the potential of data analytics. Despite the ample amount of 
data available and stored by them, SMEs may not be doing data analysis, and thus, the SMEs 
keep themselves away from the advantages of data-driven decision making. Similarly, SMEs 
may underutilize the available resources. 
• SMEs may be prepared for initiatives that help them to improve their customer-facing products 
and services. For example, the features related to finance and product organisational 
dimensions may lead to better customer experiences. However, process, strategy, and 
employee may be the least acknowledged organisation dimension. Therefore, SMEs may 
deprive themselves of the benefits they might have with automation, improving employee 
skills and education.  
• Similarly, the short-term and the long-term profits can convince the SME managers/owners 
towards the SM paradigm shift. Since SMEs mostly use the financial data for decision making, 
and data related to other organisational dimensions is ignored, therefore, to appeal to the 
owner/manager of an SME the data corresponding to other SME organisational dimensions 
should be presented as cost.  
• We know that SMEs’ inclination towards SM may depend on the awareness of the 
owner/manager, and similarly, SMEs’ generally believe in mimicking the successful business 
models. Therefore, it is the responsibility of academicians and researchers to organise 
workshops, seminars, training sessions, and share stories of successful enterprises to inform 
the SME owners/managers about the developments in their fields. 
 
Overall, all the options considered by the SMEs, for the future were covered under the umbrella 
of SM toolkit (Mittal, Romero and Wuest 2018a). Therefore, the SM toolkit can be employed by 
SMEs to identify the set of required technical tools and managerial practices to achieve their 
 
tailored vision. The cases also demonstrated that SMEs are ready to invest in SM. Although, the 
SMEs cases transformed themselves towards SM, however, the transformation was only technical 
and involved the least number of people. It shows SMEs’ fear regarding changing their 
organisational culture. For example, in developing countries like India, the workers do not sign 
any bonds with the organisations (SMEs). Thus, any change in organisational culture is a threat, 
and SMEs are afraid of losing skilled employees. So, investing in worker training and education 
further increases the risk of losing their investments.  
6.1 Limitations and Future Work 
Multiple cases can enhance the validity of a study and our study employed two cases and 
established the proposed framework by generalizing the theoretical propositions (not the 
population as in case of the statistical research) (Zhang et al. 2005; Lee 1989; Yin 2003). We 
completed the study in a relatively short period, resulting in comparably small documents and 
systematic handling of data (Yin 2003) and it was not an ethnography (Fetterman 1989) or a 
participant-observation study (Jorgensen 1989). Therefore, our study was able to overshadow the 
complaints during case study research (Yin 2003). Our study interviewed only the owner (for 
Company A) and the manager (for Company B), and therefore, single informant bias was a 
concern. The socio-cultural and political issues can also influence the SM paradigm adoption in 
SMEs, however, our study only considers the technical, managerial and operational aspects of 
adopting SM in SMEs. 
The future work will be to apply the proposed framework to several other manufacturing SMEs 
and present the discussion, and findings. The SME cases in our study showed that SMEs learn by 
mimicking business models of other successful enterprises. The future work will also demonstrate 
the enterprises that have already adopted SM tools and practices, and highlight the advantages and 
issues faced by these SM SMEs. Similarly, the cases in our research prepared their production 
policies based on ETO production principles. Therefore, future work will be to discuss how this 
framework works with SMEs that use production policies like MTS, MTO, ATO, and CTO for 
their production. In future, the SMEs cases from developed and developing countries should be 
compared to study the effect of socio-cultural and political issues during SM paradigm adoption 
in SMEs. This framework can be extended to a self-evaluation tool to be used by the SME owners 
and managers. The tool can also be further tailored and refined to the needs of the specific 
manufacturing sectors. Data generated by the specific manufacturing sectors can be used to assess 
the present readiness of an SME. Then the experts from the manufacturing sector can be consulted 
to decide if the amount to be subsidized for a loan is acceptable to realize the SME’s vision. Thus, 
the use of the smart manufacturing adoption framework will mitigate the government’s risk of 
financial investment during the technology adoption in an SME.  
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Appendix I: Smart Manufacturing Maturity Model for SMEs 
Below is presented the description of the SM maturity model. 
Smart Manufacturing Maturity Model for SMEs (SM3E) 
The Smart Manufacturing Maturity Model for SMEs (SM3E) (Mittal, Romero and Wuest 2018b) (see Figure 1) is a 
three-dimensional structure, suggesting seven toolboxes to be utilised at five maturity levels to serve the five SME 
 
organisational dimensions. The sub-headings i), ii) & iii) highlights the SM toolkit, maturity levels, and organisational 
dimensions. 
 
Figure 1: The Smart Manufacturing Maturity Model for SMEs (SM3E) (Mittal, Romero and Wuest 2018b) 
i)  Smart Manufacturing Toolkit for SMEs 
SM toolkit will increase the SM capabilities of manufacturing SMEs with the help of technologies, methods, tools, 
and practices (Mittal, Romero and Wuest 2018a). The SM toolkit comprises of seven toolboxes (see Figure 2). The 
toolboxes 1-6 focus on the technical aspects of SM, whereas, the toolbox seven focus on the operational and 
managerial aspects of SM. 
• Toolbox 1: Fabrication/Manufacturing Toolbox (FMT) – This toolbox focuses on the evolution of manufacturing. 
The various inputs required are raw materials, energy, parts, order or sustainable resources. 
• Toolbox 2: Design and Simulation Toolbox (DST) – This toolbox focuses on simulating the production processes. 
The various inputs required are hand-based designs, design environment, simulation software, 3D prototypes and 
customer interface. 
• Toolbox 3: Robotics and Automation Toolbox (RAT) – This toolbox focuses on replacing the repetitive and 
strenuous and repetitive human work with the robots and automation tools. The various inputs required are 
manually-operated machines, non-programmable machines, programmable machines, collaborative robots (that 
mimic human), and collaborative robot (based on AI). 
• Toolbox 4: Sensors and Connectivity Toolbox (SCT) – This toolbox focuses on converting the manufacturing 
outputs to a readable format. The various inputs required are source, sensors, signals and converters, storage 
device, interface. 
• Toolbox 5: Cloud/Storage Toolbox (CST) – This toolbox focuses on enabling efficient data storage and sharing 
in the SMEs. The various inputs required are registers, log books, built-in HDs, shared HDs, cloud, and fog. 
• Toolbox 6: Data Analytics Toolbox (DAT) – This toolbox focuses on assisting data analytics. The various inputs 
required are data collection, data cleaning, data integration, data reduction, and data transformation. 
• Toolbox 7: Business Management Toolbox (BMT) – This toolbox focuses on improving culture in the SMEs. 
The various inputs required here are practices such as lean thinking, positive organisation culture, and customer 
involvement. 
 
Figure 2: Smart Manufacturing Toolkit Hierarchy 
ii) Smart Manufacturing Maturity Levels 
Inspired by the standard number of levels in maturity models (e.g., CMMI), the SM3E defined five maturity levels. 
Below we present the definitions of these five levels: 
• Level 1: Novice – SMEs that are unaware of the SM/Industry 4.0 paradigm. 
• Level 2: Beginner – SMEs that have recently developed awareness and a basic understanding of SM/Industry 4.0 
paradigm 
• Level 3: Learner – SMEs that have initiated experimenting with SM/Industry 4.0 technologies. 
• Level 4: Intermediate – SMEs that have successfully implemented SM/Industry 4.0 pilot projects. 
• Level 5: Expert – SMEs that have strategically deployed SM/Industry 4.0 technologies. 
The SM toolboxes are installed stepwise and have additional value adding-capabilities with each level within the same 
toolbox. Table 1 (see below) depicts how SM toolboxes and maturity levels interact with each other.  
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iii) Smart Manufacturing Organisational Dimension 
The organisational dimensions were defined with the help of an extensive literature review and its focus was on those 
‘dimensions’ with more relevance from a manufacturing SME’s perspective. During the industrial visits prior to this 































Smart Manufacturing Toolkit for SMEs 
 
study, the SME managers and/or owners were found to be too concerned regarding ‘finance,’ and therefore, this 
dimension was also included as an organisational dimension. SM enables data-driven decision making, and 
organisational dimensions may be related to different data (Mittal, Romero and Wuest 2018b).  
• Dimension 1: Finance – To understand the data related to economics, e.g., equipment cost data, raw material cost 
data.  
• Dimension 2: People – To understand the data related to the personnel involved, e.g., number of employee data, 
worker schedule data. 
• Dimension 3: Strategy – To understand the data related to the decision-making process, e.g., targets, performance 
metrics. 
• Dimension 4: Process – To understand the data related to the transformation of raw materials into the final 
products, e.g., quality control data, process parameters data. 
• Dimension 5: Product – To understand the product logistics data, when the product gets inside the shop and goes 
outside the shop floor operations, e.g., product development data, product design data. 
Various data-related activities are performed accordingly to a specific toolbox and maturity level, and an 
organisational dimension. Appendix II shows the typical data-driven activities corresponding to the seven toolboxes. 
Below are the four steps towards adopting an SM paradigm in SMEs: 
Appendix II: Exemplary Use of Toolboxes 
Table 1: Different Forms of Data Embraced by the Fabrication/Manufacturing Toolbox 
Dimension Novice Beginner Learner Intermediate Expert 
Finance cost data based on raw material 
cost data based on 
energy consumption 
cost data based on 
parts (assembly) of 
products 
cost data based on 
order (cad design) of 
products 




people’s data based 
on working with raw 
material 
people’s data based 
on energy 
consumption 
people’s data based 
on parts (assembly) of 
products 
people’s data based 
on order (cad design) 
of products 
people’s data based 
on sustainable 
production 
Strategy - - - - - 
Process process data based on raw material 
process data based on 
energy consumption 
process data based on 
parts (assembly) of 
products 
process data based on 
order (cad design) of 
products 
process data based on 
sustainable 
production 
Product product data based on raw material 
product data based on 
energy consumption 
product data based on 
parts (assembly) of 
products 
product data based on 
order (cad design) of 
products 




Table 2: Different Forms of Data Embraced by the Design & Simulation Toolbox 
Dimension Novice Beginner Learner Intermediate Expert 
Finance cost data based on paper-based designs 
cost data based on the 
design (model) 
cost data based on 
simulation 
cost data based on 
prototyping 




people’s data based 
on paper-based 
designs 
people’s data based 
on the design (model) 
people’s data based on 
simulation 
people’s data based 
on prototyping 
people’s data based 
on the customer 
design interface 
Strategy - - - - - 
Process process data based on paper-based designs 
process data based on 
the design (model) 
process data based on 
simulation 
process data based on 
prototyping 
process data based on 
the customer design 
interface 
Product product data based on paper-based designs 
product data based on 
the design (model) 
product data based on 
simulation 
product data based on 
prototyping 
product data based on 
the customer design 
interface 
 
Table 3: Different Forms of Data Embraced by the Robotics & Automation Toolbox 
Dimension Novice Beginner Learner Intermediate Expert 
Finance 
cost data based on 
manually-operated 
machines 
cost data based on 
non-programmable 
machines 
cost data based on 
programmable 
machines 
cost data based on a 
collaborative robot 
(mimic human)  
cost data based on a 
collaborative robot 
(based on AI) 
People 
people’s data based 
on the manually-
operated machines 




people’s data based 
on the programmable 
machines 
people’s data based 
on the collaborative 
robot (mimic human)  
people’s data based 
on the collaborative 
robot (based on AI) 
Strategy - - - - - 
Process 
process data based on 
the manually-operated 
machines 




process data based 
on the programmable 
machines 
process data based on 
the collaborative 
robot (mimic human)  
process data based on 
the collaborative 
robot (based on AI) 
Product 
product data based on 
the manually-operated 
machines 




product data based 
on the programmable 
machines 
product data based on 
the collaborative 
robot (mimic human)  
product data based on 
the collaborative 
robot (based on AI) 
 
Table 4: Different Forms of Data Embraced by the Sensors & Connectivity Toolbox 
Dimension Novice Beginner Learner Intermediate Expert 
Finance manually collect cost data 
sensors collect cost 
data  
signals collect cost 
data 
digitally stored cost 
data  
cost data based on 
customer design 
interface 







people’s data based 
on the customer 
design interface 
Strategy - - - - - 





digitally store process 
data  
process data based on 
the customer design 
interface 





digitally store product 
data 
product data based on 
the customer design 
interface 
 
Table 5: Different Forms of Data Embraced by the Cloud/Storage Toolbox 
Dimension Novice Beginner Learner Intermediate Expert 
Finance store financial data using spreadsheets 
store financial data 
using hard drives 
(HDs) 
store financial data 
using shared HDs 
store financial data 
using cloud 
store financial data 
using fog 
People store people’s data using spreadsheets 
store people’s data 
using HDs 
store people’s data 
using shared HDs 
store people’s data 
using cloud 
store people’s data 
using fog 
Strategy - - - - - 
Process store process data using spreadsheets 
store process data 
using HDs 
store process data 
using shared HDs 
store process data 
using cloud 
store process data 
using fog 
Product store product data using spreadsheets 
store product data 
using HDs 
store product data 
using shared HDs 
store product data 
using cloud 
store product data 
using fog 
 
Table 6: Different Forms of Data Embraced by the Data Analytics Toolbox 
Dimension Novice Beginner Learner Intermediate Expert 
Finance collect and analyse financial data 





reduce and analyse 
financial data 
transform and analyse 
financial data 
People collect and analyse people’s data 





reduce and analyse 
people’s data 




based on the 
collected and then 
analysed data 
make strategies 
based on the 
cleaned and then 
analysed data 
make strategies 
based on the 
integrated and then 
analysed data 
make strategies based 
on the reduced and 
then analysed data 
make strategies based 
on the transformed 
and then analysed 
data 
Process collect and analyse process data 





reduce and analyse 
process data 
integrate and 
transform data based 
on process 
Product collect and analyse product data 





reduce and analyse 
product data 
integrate and 
transform data based 
on product 
 
Table 7: Various Practices Corresponding to the Business Management Toolbox (No Form of Data is Generated) 
Dimension Novice Beginner Learner Intermediate Expert 
Finance e.g. lean accounting 
People e.g. attending workshops, seminars; positive mindset towards SM/Industry 4.0; organisational culture 
Strategy e.g. design thinking method; lean training games 
Process e.g. lean visual management; digital lean; lean automation 




Appendix III: Semi-Structured Questionnaire Employed during our Research 
1. What are the business operations currently performed in your organisation? 
 
2. What data-related activities are performed in your key business operations? 
 
3. Where do you think you stand currently when it comes to digitalization and data analytics? 
 
4. What comes in your mind regarding SM? 
 
5. How you performed your operations earlier? 
 
6. How did you get aware of the new technology and what was the main motivation for adopting the new 
technology?  
 
7. What were the other options considered (before adopting the new technology)? 
 
8. Did you use the help of external consultants in the process? 
 
9. Why the solution you implemented was the most feasible option? 
 
10. Please explain the technicalities/ of the new technology adoption, (any additional documents may be provided at 
this stage)?  
 
11. What kind of technical/managerial difficulties were observed? How did you overcome them? 
 
12. What were/would have been the main obstacles in the process of adopting: 
• Manufacturing tools 
• Design & simulation tools 
• Advanced manufacturing tools 
• Sensors and connectivity tools 
• Data storage tools (information systems) 
• Data analytics tools 
• Business and management tools 
 
13. How your business model has been affected because of the new technology adoption?  
 
14. What were the main benefits of the process observed so far? What kind of improvements have you been able to 
observe (for e.g., in the context of customer interaction, use of data)? 
 
15. What are the future options you will consider (suggested with the help of a framework and their own)? 
 
16. How difficult it will be to shift towards the future option, as compared to the difficulties faced during your 





Appendix IV: Summary of the Data Analysis 
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Questions Points Discussed Case A Case B 
Answer 
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Appendix V: Manufacturing Data present and the SM Readiness 
• Jewelry Manufacturing- J • Modular Kitchen Manufacturing- K 
 
Table 1: Smart Manufacturing Readiness with Data Generation 
Organisational 
Dimension Related data generated Smart Manufacturing Readiness 
Finance 
equipment cost data (J)(K), raw material cost data 
(J)(K), transportation cost data (J)(K), energy cost 
data (J)(K), assembly cost data (J)(K), worker cost 
data (J)(K) 
 N B L I E 
FMT    (J)(K)  
DST    (J) (K) 
RAT (J) (K)    
 
   
People 
number of hours data (J)(K), number of 
employees/workers data (K), worker schedule data 
(K) 
 N B L I E 
FMT  (J)(K)    
DST (J) (K)    
RAT (J) (K)     
 
   
Strategy - - 
   
Process 
production process data (K), process parameters data 
(J)(K), process planning data (K), process control 
data (K) 
 N B L I E 
FMT  (J) (K)   
DST  (J)(K)    
RAT (J) (K)    
 
   
Product 
product design data (J)(K), product specifications 
(J)(K), order data (J)(K), inventory management data 
(J)(K), sales data (J)(K), delivery time data(J)(K) 
 N B L I E 
FMT    (J) (K) 
DST    (J) (K) 
RAT (J) (K)    
 
 
Table 2: Smart Manufacturing Readiness with Data Transmission 
Organisational 
Dimension Related data transmitted Smart Manufacturing Readiness 
Finance 
equipment cost data (J)(K), raw material cost data 
(J)(K), transportation cost data (K), energy cost 
data (J)(K), worker cost data (J)(K) 
 N B L I E 
DST  (J) (K)    
RAT (J)(K)     
SCT (J)(K)     
 





Dimension Related data transmitted Smart Manufacturing Readiness 
People number of hours data (J)(K), worker schedule data (K) 
 N B L I E 
DST  (J)(K)    
RAT (J)(K)     
SCT (J)(K)     
 
   
Strategy - - 
   
Process production process data (K), process parameters data (J)(K), process planning data (K) 
 N B L I E 
DST  (J)(K)    
RAT (J)(K)     
SCT (J)(K)     
 
   
Product 
product design data (J)(K), product specifications 
(J)(K), inventory management data (K), delivery 
time data (K) 
 N B L I E 
DST  (J)(K)    
RAT (J)(K)     
SCT (J)(K)     
 
 
Table 3: Smart Manufacturing Readiness with Data Saving 
Organisational 
Dimension Related data saved Smart Manufacturing Readiness 
Finance 
equipment cost data (J)(K), raw material cost data 
(J)(K), transportation cost data (K), energy cost 
data (J)(K), worker cost data (J)(K) 
 N B L I E 
DST (J) (K)    
RAT (J)(K)     
CST (J)   (K)  
 
   
People number of hours data (J)(K), worker schedule data (K) 
 N B L I E 
DST  (J)(K)    
RAT (J)(K)     
CST (J)(K)     
 
   
Strategy - - 
   
Process production process data (K), process parameters data (J)(K), process planning data (K) 
 N B L I E 
DST  (J)(K)    
RAT (J)(K)     
CST (J)(K)     
 
   
Product 
product design data (J)(K), product specifications 
(J)(K), inventory management data (K), delivery 
time data (K) 
 N B L I E 
DST  (J)(K)    
RAT (J)(K)     
CST (J)(K)     
 
 





Dimension Related data analysed Smart Manufacturing Readiness 
Finance 
equipment cost data (J)(K), raw material cost data 
(J)(K), energy cost data (J)(K); worker cost data 
(J)(K) 
 N B L I E 
DST  (J)(K)    
RAT (J)(K)     
CST (J)(K)     
DAT  (J)(K)    
 
   
People - - 
   
Strategy policies (J)(K) 
 N B L I E 
DST  (J)(K)    
RAT (J)(K)     
CST (J)(K)     
DAT (J)(K)     
 
   
Process - - 
   
Product product specifications (K) 
 N B L I E 
DST  (J)   (K) 
RAT (J)(K)     
CST (J)(K)     
DAT (J) (K)    
 
 
 
